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(57) ABSTRACT

One embodiment of the present invention is a semiconductor
device at least including an oxide semiconductor film, a gate
insulating film in contact with the oxide semiconductor film,
and a gate electrode overlapping with the oxide semicon-
ductor film with the gate insulating film therebetween. The
oxide semiconductor film has a spin density lower than
9.3x10'S spins/cm> and a carrier density lower than 1x10">/
cm’. The spin density is calculated from a peak of a signal
detected at a g value (g) of around 1.93 by electron spin
resonance spectroscopy. The oxide semiconductor film is
formed by a sputtering method while bias power is supplied
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to the substrate side and self-bias voltage is controlled, and
then subjected to heat treatment.

20 Claims, 27 Drawing Sheets
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1
SEMICONDUCTOR DEVICE, METHOD FOR
MANUFACTURING SEMICONDUCTOR
DEVICE, AND METHOD FOR FORMING
OXIDE FILM

BACKGROUND OF THE INVENTION

1. Field of the Invention

This document relates to semiconductor devices, method
for manufacturing semiconductor devices, and method for
forming oxide films.

Note that a semiconductor device in this specification
refers to general devices which can function by utilizing
semiconductor characteristics; for example, a semiconduc-
tor element such as a transistor, a semiconductor circuit
including a semiconductor element, an electro-optical
device such as a display device, and an electronic device are
all semiconductor devices.

2. Description of the Related Art

Transistors used for most flat panel displays typified by a
liquid crystal display device and a light-emitting display
device are formed using silicon semiconductors such as
amorphous silicon, single crystal silicon, and polycrystalline
silicon provided over glass substrates. Further, transistors
formed using such silicon semiconductors are used in inte-
grated circuits (ICs) and the like.

In recent years, attention has been drawn to a technique of
using, instead of a silicon semiconductor, a metal oxide
exhibiting semiconductor characteristics for transistors.
Note that in this specification, a metal oxide exhibiting
semiconductor characteristics is referred to as an oxide
semiconductor.

For example, a technique of using an oxide semiconduc-
tor containing at least one element selected from indium
(In), gallium (Ga), and zinc (Zn) for a transistor is disclosed
(see Patent Document 1 and Patent Document 2).

In addition, a technique of forming an oxide semiconduc-
tor which contains zinc oxide as a main component by
sputtering while supplying a gas containing oxygen and
supplying bias power to the substrate side is disclosed (see
Patent Document 3).

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2006-165528

[Patent Document 2] Japanese Published Patent Application
No. 2007-123861

[Patent Document 3] Japanese Published Patent Application
No. 2008-108985

SUMMARY OF THE INVENTION

In a transistor including an oxide semiconductor, hydro-
gen (including water, a hydrogen ion, a hydroxide ion, and
the like) and oxygen vacancies in the oxide semiconductor
film causes the transistor to have poor electric characteris-
tics. For example, the threshold voltage of a transistor which
includes an oxide semiconductor film including hydrogen
and oxygen vacancies tends to shift in the negative direction,
and thus the transistor tends to be normally on. This is
because charge is generated owing to the hydrogen and
oxygen vacancies in the oxide semiconductor film to reduce
the resistance of the oxide semiconductor film. It is difficult
to reduce the oxygen vacancies in the oxide semiconductor
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film. For example, oxygen vacancies are easily formed in an
oxide semiconductor film in the step of forming or etching
the oxide semiconductor film.

In a variety of semiconductor devices such as display
devices and semiconductor memory devices, improvement
of the electric characteristics of a transistor included in the
semiconductor device results in improvement of the perfor-
mance of the semiconductor device. To manufacture a
display device with higher definition, for example, it is
important to achieve an increase in the field-effect mobility
of the transistor, a reduction in the leakage current of the
transistor, and the like.

In view of the above, an object of one embodiment of the
present invention is to provide a semiconductor device
including an oxide semiconductor film in which oxygen
vacancies are reduced and a method for manufacturing the
semiconductor device. Another object of one embodiment of
the present invention is to provide a high-performance
semiconductor device having favorable electric characteris-
tics and a method for manufacturing the semiconductor
device.

Another object of one embodiment of the present inven-
tion is to provide a method for forming an oxide film (an
oxide semiconductor film or an oxide insulating film) whose
oxygen content is increased. Specifically, an object is to
provide a method for forming an oxide semiconductor film
whose oxygen content is increased and in which oxygen
vacancies are reduced. Further, an object is to provide a
method for forming an oxide insulating film whose oxygen
content is increased. Note that one embodiment of the
present invention achieves at least one of the above objects.

When a film in contact with an oxide semiconductor film
contains a large amount of oxygen and can release part of the
oxygen, the film can supply oxygen to the oxide semicon-
ductor film and reduce oxygen vacancies in the oxide
semiconductor film. Accordingly, it is important to increase
the oxygen content of an oxide insulating film that is in
contact with an oxide semiconductor film, for example.

One embodiment of the present invention is a semicon-
ductor device including an oxide semiconductor film in
which oxygen vacancies and carrier density are reduced, as
a semiconductor film including a channel formation region.
Note that in this specification, the oxide semiconductor film
in which oxygen vacancies are reduced refers to an oxide
semiconductor film which has fewer signals due to oxygen
vacancies according to detection of electron spin resonance
(ESR). Specifically, the oxide semiconductor film in which
oxygen vacancies are reduced is an oxide semiconductor
film whose spin density, which is calculated from the peak
of a signal detected at a g value (g) of around 1.93 by
electron spin resonance spectroscopy, is lower than 9.3x10"°
spins/cm’.

Note that a symmetrical signal which is found at a g value
(g) of around 1.93 in electron spin resonance spectroscopy
is a signal due to oxygen vacancies. In electron spin reso-
nance spectroscopy, the g value (g) at which a signal due to
oxygen vacancies is found varies depending on the compo-
sition of an oxide semiconductor film subjected to measure-
ment. For example, in the case where the oxide semicon-
ductor film subjected to the measurement is an In—Ga—
Zn-based oxide, a signal due to oxygen vacancies in the
In—Ga—7n-based oxide is found at a g value of 1.93 when
the proportion of In is equal to those of Ga and Zn, whereas
a signal due to oxygen vacancies tends to be found ata g
value smaller than 1.93 when the proportion of In is higher
than those of Ga and Zn. Further, in this specification, the
oxide semiconductor film in which carrier density is reduced
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refers to an oxide semiconductor film which has a carrier
density lower than 1x10*%/cm®.

To form an oxide semiconductor film in which oxygen
vacancies and carrier density are reduced, an oxide semi-
conductor film is formed in a manner such that oxygen
vacancies are not formed in the oxide semiconductor film,
and then hydrogen or the like which generates charge is
removed.

To form an oxide semiconductor film in a manner such
that oxygen vacancies are not formed, the oxide semicon-
ductor film is formed in a manner such that oxygen is taken
in by the oxide semiconductor film. Specifically, the oxide
semiconductor film is formed by a sputtering method in an
oxygen atmosphere with bias power supplied to the substrate
side. Then, heat treatment is preferably performed to remove
impurities. By supplying bias power to the substrate side at
the time of forming the oxide semiconductor film by a
sputtering method, self-bias voltage is generated between
the substrate and oxygen plasma that is generated in a
treatment chamber of a sputtering apparatus. For example,
bias power is supplied so that oxygen ions in the oxygen
plasma move toward the substrate side easily. In other
words, bias power is preferably supplied so that the substrate
side has a negative potential with respect to the potential of
the generated oxygen plasma. For example, RF power is
supplied as bias power to the substrate side to generate
self-bias voltage, so that the substrate side has a negative
potential with respect to the oxygen plasma, which enables
oxygen ions (typically, O* and O,") in the oxygen plasma to
move toward the substrate side easily; thus, the oxide
semiconductor film is formed while taking in oxygen ions.
Moreover, the number of oxygen ions taken in can be
changed by control of the self-bias voltage. As the self-bias
voltage is increased, the oxygen ions taken in by the oxide
semiconductor film are increased, so that an oxide semicon-
ductor film with even fewer oxygen vacancies can be
formed.

Specifically, oxygen is supplied as a sputtering gas to a
reaction chamber and power is supplied to a target for
forming an oxide film (an oxide semiconductor film or an
oxide insulating film) to generate oxygen plasma, bias
power is supplied to the object (e.g., a substrate) side, and
the oxide film is formed with self-bias voltage that is
generated between the oxygen plasma and the object con-
trolled to be higher than or equal to 400 V.

After the formation of the oxide film (the oxide semicon-
ductor film or the oxide insulating film), heat treatment is
preferably performed to remove impurities (e.g., hydrogen)
from the formed film. For example, the heat treatment can be
performed at a temperature higher than or equal to 300° C.
and lower than or equal to 700° C. under reduced pressure,
a nitrogen atmosphere, an oxygen atmosphere, or a rare gas
atmosphere. By the heat treatment, hydrogen contained in
the formed oxide film can be removed.

In view of the above, one embodiment of the present
invention is a semiconductor device at least including an
oxide semiconductor film, a gate insulating film in contact
with the oxide semiconductor film, and a gate electrode
overlapping with the oxide semiconductor film with the gate
insulating film therebetween. The oxide semiconductor film
has a spin density lower than 9.3x10'S spins/cm® and a
carrier density lower than 1x10'°/cm®. The spin density is
calculated from a peak of a signal detected at a g value (g)
of around 1.93 by electron spin resonance spectroscopy. In
the semiconductor device, a source electrode and a drain
electrode are provided in contact with the oxide semicon-
ductor film.
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As mentioned above, Patent Document 3 discloses a
technique of forming an oxide semiconductor film by sput-
tering while supplying a gas containing oxygen and supply-
ing bias power to the substrate side. However, Patent Docu-
ment 3 focuses on preventing a reduction in the resistance of
the oxide semiconductor film due to heat treatment or the
like in a manufacturing process of a transistor by increasing
the thermal stability of the oxide semiconductor film, and,
unlike one embodiment of the present invention, does not
refer to a technique of forming an oxide semiconductor film
with self-bias voltage controlled so as to prevent formation
of' oxygen vacancies nor to defect density and carrier density
due to oxygen vacancies.

For example, an oxide semiconductor film is formed with
self-bias voltage controlled to be higher than or equal to 400
V, and then hydrogen is removed by heat treatment. In this
manner, an oxide semiconductor film whose spin density,
which is calculated from the peak of a signal detected at a
g value (g) of around 1.93 by electron spin resonance
spectroscopy, is lower than 9.3x10'¢ spins/cm® and whose
carrier density is lower than 1x10'°/cm® can be formed.
Consequently, a transistor with reduced off-state current can
be manufactured.

A transistor according to one embodiment of the present
invention is not limited to a top-gate transistor, and may
have any of a variety of structures, such as a bottom-gate
structure or a dual-gate structure. Accordingly, one embodi-
ment of the present invention is a semiconductor device in
which a gate electrode is provided in contact with an upper
surface of a gate insulating film or a lower surface of the gate
insulating film.

In the above structure, it is effective to reduce the contact
resistance with the source electrode and the drain electrode
in order to improve on-state current and field-effect mobility.
One embodiment of the present invention is a transistor
which includes an oxide semiconductor film including a
channel formation region and a low-resistance region. Note
that the low-resistance region can be formed by injection of
a dopant.

In view of the above, one embodiment of the present
invention is a semiconductor device including an oxide
semiconductor film which includes a first region and a pair
of second regions having lower resistance than the first
region and in which the first region lies between the pair of
second regions, a gate insulating film over the oxide semi-
conductor film, a gate electrode overlapping with the first
region with the gate insulating film therebetween, and a
source electrode and a drain electrode in contact with the
pair of second regions. The first region has a spin density
lower than 9.3x10"® spins/cm® and a carrier density lower
than 1x10"°/cm>. The spin density is calculated from a peak
of a signal detected at a g value (g) of around 1.93 by
electron spin resonance spectroscopy.

In the low-resistance region, regions with different resis-
tances are preferably provided so that a region in contact
with the source electrode or the drain electrode has the
lowest resistance. Regions with different resistances can be
provided by varying the dopant concentration in the low-
resistance region. In this manner, an electric field can be
gradually applied to the oxide semiconductor film included
in the transistor, which can prevent the transistor from being
damaged by electric-field concentration in the vicinity of a
drain region.

In view of the above, one embodiment of the present
invention is a semiconductor device including an oxide
semiconductor film which includes a first region, a pair of
second regions having lower resistance than the first region,
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and a pair of third regions having lower resistance than the
pair of second regions and in which the first region lies
between the pair of second regions and the first region and
the pair of second regions lie between the pair of third
regions, a gate insulating film over the oxide semiconductor
film, a gate electrode overlapping with the first region with
the gate insulating film therebetween, a sidewall insulating
film overlapping with the pair of second regions and being
in contact with a side surface of the gate electrode, and a
source electrode and a drain electrode in contact with the
pair of third regions. The first region has a spin density lower
than 9.3x10'® spins/cm® and a carrier density lower than
1x10%/cm?>. The spin density is calculated from a peak of a
signal detected at a g value (g) of around 1.93 by electron
spin resonance spectroscopy.

In the above structure, a metal oxide film containing two
or more metal elements can be used as the oxide semicon-
ductor film of the transistor according to one embodiment of
the present invention. Since an oxide semiconductor con-
taining indium has high carrier mobility as compared with
other oxide semiconductors, in a metal oxide containing two
or more metal elements, the carrier mobility is increased as
the proportion of indium is higher than those of other metal
elements. Accordingly, it is preferable to use an oxide
semiconductor containing indium, particularly an oxide
semiconductor which contains both indium and zinc and in
which the proportion of indium is higher than that of zinc.
This makes it possible to manufacture a transistor with high
on-state current and high field-effect mobility. Note that an
oxide film containing indium can be used as the oxide
semiconductor film instead of the metal oxide film contain-
ing two or more metal elements.

According to one embodiment of the present invention, a
semiconductor device including an oxide semiconductor
film in which oxygen vacancies are reduced can be provided.
Further, a high-performance semiconductor device having
favorable electric characteristics can be provided.

Moreover, according to one embodiment of the present
invention, a method for forming an oxide film (an oxide
semiconductor film or an oxide insulating film) whose
oxygen content is increased can be provided. Specifically, a
method for forming an oxide semiconductor film whose
oxygen content is increased and in which oxygen vacancies
are reduced can be provided. Further, a method for forming
an oxide insulating film whose oxygen content is increased
can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are a top view and a cross-sectional
view illustrating an example of a transistor.

FIGS. 2A and 2B are cross-sectional views each illustrat-
ing a sputtering apparatus.

FIGS. 3A to 3D are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 4A and 4B are cross-sectional views illustrating a
method for manufacturing a transistor.

FIG. 5 is a cross-sectional view illustrating a method for
manufacturing a transistor.

FIGS. 6A and 6B are a top view and a cross-sectional
view illustrating an example of a transistor.

FIGS. 7A to 7C are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 8A and 8B are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 9A and 9B are a top view and a cross-sectional
view illustrating an example of a transistor.
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FIGS. 10A to 10D are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 11A to 11D are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 12A to 12C are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 13A and 13B are a top view and a cross-sectional
view illustrating an example of a transistor.

FIGS. 14A to 14D are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 15A to 15C are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 16A and 16B are a top view and a cross-sectional
view illustrating an example of a transistor.

FIGS. 17A to 17D are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 18A to 18C are a cross-sectional view, a top view,
and a circuit diagram which illustrate an example of a
semiconductor memory device.

FIGS. 19A and 19B are circuit diagrams each illustrating
an example of a semiconductor memory device.

FIGS. 20A and 20B are a circuit diagram illustrating an
example of a semiconductor memory device including a
transistor and a graph showing the relation between time and
capacitor potential.

FIGS. 21A and 21B are circuit diagrams each illustrating
an example of a semiconductor memory device.

FIG. 22A is a block diagram illustrating a specific
example of a CPU, and FIGS. 22B and 22C are circuit
diagrams each illustrating part of the CPU.

FIGS. 23A to 23C are a top view and circuit diagrams
illustrating an active matrix display device.

FIGS. 24A to 24D are external views of electronic
devices.

FIG. 25 shows the relation between bias power and
self-bias voltage at the time of forming an oxide semicon-
ductor film.

FIG. 26 shows the relation between bias power and carrier
density at the time of forming an oxide semiconductor film.

FIGS. 27A and 27B show the results of evaluating an
oxide semiconductor film by electron spin resonance spec-
troscopy.

DETAILED DESCRIPTION OF THE
INVENTION

Hereinafter, embodiments and an example of the present
invention will be described in detail with reference to the
accompanying drawings. However, the present invention is
not limited to the following description and it is easily
understood by those skilled in the art that the mode and
details can be variously changed without departing from the
scope and spirit of the present invention. Therefore, the
present invention is not construed as being limited to the
description of the following embodiments and example. In
addition, in the following embodiments and example, the
same portions or portions having similar functions are
denoted by the same reference numerals or the same hatch-
ing patterns in different drawings, and description thereof
will not be repeated.

Note that in each drawing described in this specification,
the size, the film thickness, or the region of each component
is exaggerated for clarity in some cases. Therefore, the
embodiments and example of the present invention are not
limited to such scales.

Note that terms such as “first”, “second”, and “third” in
this specification are used in order to avoid confusion among
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components, and the terms do not limit the components
numerically. Therefore, for example, the term “first” can be
replaced with the term “second”, “third”, or the like as
appropriate.

Functions of a “source” and a “drain” are sometimes
replaced with each other when the direction of current
flowing is changed in circuit operation, for example. There-
fore, the terms “source” and “drain” can be used to denote
the drain and the source, respectively, in this specification.

In this specification, in the case where an etching step is
performed after a photolithography step, a mask formed in
the photolithography step is removed after the etching step.

Embodiment 1

In this embodiment, a semiconductor device of one
embodiment of the present invention will be described with
reference to drawings. A transistor will be described as an
example of the semiconductor device.
<Structure Example of Transistor>

FIGS. 1A and 1B are a top view and a cross-sectional
view which illustrate a transistor 100. FIG. 1A is a top view
of the transistor 100, and FIG. 1B is a cross-sectional view
taken along dashed-dotted line A-B in FIG. 1A. Note that in
FIG. 1A, some components of the transistor 100 (e.g., a
substrate 101, a base insulating film 103, and a gate insu-
lating film 113) are omitted for simplicity.

According to FIGS. 1A and 1B, in the transistor 100, the
base insulating film 103 is provided over the substrate 101,
an oxide semiconductor film 105 is provided over the base
insulating film 103, the gate insulating film 113 is provided
over the oxide semiconductor film 105, a gate electrode 117
is provided over the gate insulating film 113, a metal oxide
film 121 having an insulating property is provided over the
base insulating film 103, the oxide semiconductor film 105,
the gate insulating film 113, and the gate electrode 117, an
interlayer insulating film 123 is provided over the metal
oxide film 121 having an insulating property, and a source
electrode 1274 and a drain electrode 1275 are provided in
contact with the oxide semiconductor film 105 through
openings 125a and 12556 which are formed in the metal
oxide film 121 having an insulating property and the inter-
layer insulating film 123. Note that the base insulating film
103 and the interlayer insulating film 123 are not necessarily
provided.

The gate electrode 117 is provided so as to overlap with
the oxide semiconductor film 105 with the gate insulating
film 113 therebetween. In other words, the gate electrode
117 is provided in contact with an upper surface of the gate
insulating film 113 (i.e., provided above the oxide semicon-
ductor film 105), which means that the transistor 100 is a
top-gate transistor. In the transistor 100, the source electrode
127a and the drain electrode 1275 are in contact with an
upper surface of the oxide semiconductor film 105.

The gate electrode 117 also serves as a gate wiring. The
source electrode 127a also serves as a source wiring. The
drain electrode 1275 also serves as a drain wiring.

The oxide semiconductor film 105 includes at least a
channel formation region. The oxide semiconductor film
105 is an amorphous oxide semiconductor film or an oxide
semiconductor film having crystallinity, such as a single
crystal oxide semiconductor film, a polycrystalline (also
referred to as polycrystal) oxide semiconductor film, or a
microcrystalline oxide semiconductor film.

A metal oxide containing two or more metal elements can
be used for the oxide semiconductor film 105. Since an
oxide semiconductor containing indium has high carrier
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mobility as compared with other oxide semiconductors, in a
metal oxide containing two or more metal elements, the
carrier mobility is increased as the proportion of indium is
higher than those of other metal elements. Accordingly, it is
preferable to use an oxide semiconductor containing indium,
particularly an oxide semiconductor which contains both
indium and zinc and in which the proportion of indium is
higher than that of zinc. This makes it possible to manufac-
ture a transistor with high on-state current, high field-effect
mobility, and favorable electric characteristics. Note that an
oxide containing indium can be used for the oxide semicon-
ductor film instead of the metal oxide containing two or
more metal elements.

In a transistor including an oxide semiconductor, hydro-
gen (including water, a hydrogen ion, a hydroxide ion, and
the like) and oxygen vacancies in the oxide semiconductor
film generate charge, thus increasing the carrier density of
the oxide semiconductor film and reducing the resistance of
the oxide semiconductor film. Accordingly, the threshold
voltage of a transistor that includes an oxide semiconductor
film including hydrogen and oxygen vacancies tends to shift
in the negative direction, and thus the transistor tends to be
normally on.

The oxide semiconductor film 105 is an oxide semicon-
ductor film in which oxygen vacancies and carrier density
are reduced. Specifically, the oxide semiconductor film 105
is an oxide semiconductor film which has no signals due to
oxygen vacancies (i.e., the spin density due to oxygen
vacancies is below the lower limit of detection) according to
detection of electron spin resonance (ESR) and has reduced
carrier density. When the oxide semiconductor film has
oxygen vacancies, a symmetrical signal is found at a g value
(g) of around 1.93 in electron spin resonance spectroscopy.

In electron spin resonance spectroscopy, a magnetic field
is swept under irradiation with microwaves, and resonance
absorption which occurs when an energy difference between
split levels becomes equal to the energy of the microwaves
used for the irradiation is observed, whereby the number of
defects or the like which include unpaired electrons can be
measured. In this specification, a symmetrical signal is a
signal that is obtained through measurement by electron spin
resonance spectroscopy, an example of which is a signal
having point symmetry with respect to a g value in the case
of a thin film. An absorption curve that is obtained by
integral transformation of the signal obtained through mea-
surement by electron spin resonance spectroscopy can be
represented as one peak, and the top of the peak is at the g
value. The integral value of the peak corresponds to the total
number of the defects including unpaired electrons. Accord-
ingly, the spin density of a sample subjected to measurement
can be found in the following manner: calculation is per-
formed by comparing the integral value of the peak with that
of a standard sample of which the total number of defects is
quantified in advance, and the obtained value is divided by
the volume of the sample.

The spin density of the oxide semiconductor film 105,
which is calculated from the peak of a signal detected at a
g value (g) of around 1.93 by electron spin resonance
spectroscopy, is lower than 9.3x10%® spins/cm?, preferably
lower than or equal to 5x10*¢ spins/cm®, further preferably
below the lower limit of detection, and the carrier density
thereof is lower than 1x10*°/cm>. Note that carrier density
can be measured by Hall effect measurement, CV measure-
ment, or the like.

Furthermore, hydrogen contained in the oxide semicon-
ductor film 105 is reduced; the hydrogen concentration in
the oxide semiconductor film 105 is lower than 5x10'®
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atoms/cm?, preferably lower than or equal to 5x10'7 atoms/
cm®. Note that the hydrogen concentration is measured by
secondary ion mass spectrometry (SIMS).

According to the above, the transistor 100 has favorable
electric characteristics. Specifically, the off-state current is
reduced, the on-state current and field-effect mobility are
increased, and a shift of the threshold voltage in the negative
direction is suppressed.
<Method for Forming Oxide Semiconductor Film>

Here, a method for forming an oxide semiconductor film
in which oxygen vacancies and carrier density are reduced,
which can be used as the oxide semiconductor film 105, is
described.

To form an oxide semiconductor film in which oxygen
vacancies and carrier density are reduced, an oxide semi-
conductor film is formed in a manner such that oxygen
vacancies are not formed in the oxide semiconductor film,
and then hydrogen or the like which generates charge is
removed. In other words, the oxide semiconductor film is
formed in a manner such that oxygen is taken in by the oxide
semiconductor film, and then hydrogen or the like which
generates charge is removed. Since the oxide semiconductor
film is formed in a manner such that oxygen is taken in, the
formed oxide semiconductor film contains excess oxygen. In
this manner, an oxide semiconductor film containing oxygen
in a proportion higher than that in the stoichiometric com-
position can be formed. Accordingly, an oxide semiconduc-
tor film in which oxygen vacancies and carrier density are
reduced can also be referred to as an oxide semiconductor
film containing oxygen in a proportion higher than that in the
stoichiometric composition.

Specifically, the oxide semiconductor film is formed by a
sputtering method in an oxygen atmosphere with bias power
supplied to the substrate side, and then subjected to heat
treatment.

First, sputtering apparatuses with which the above for-
mation method can be implemented are described. FIGS. 2A
and 2B are cross-sectional views each illustrating a treat-
ment chamber in the sputtering apparatus.

The sputtering apparatus in FIG. 2A is a diode sputtering
apparatus, and the sputtering apparatus in FIG. 2B is a
magnetron sputtering apparatus. Note that FIGS. 2A and 2B
are merely structure examples of a sputtering apparatus, and
the structure of a sputtering apparatus is not limited to these.
For example, the number of electrodes in the sputtering
apparatuses illustrated in FIGS. 2A and 2B may be three or
four, without being limited to two.

The sputtering apparatus in FIG. 2A includes a treatment
chamber 201. The treatment chamber 201 is formed of a
material having rigidity, such as aluminum or stainless steel,
and is configured to be evacuated to vacuum.

The treatment chamber 201 is provided with an evacua-
tion unit 202. The evacuation unit 202 has a function of
evacuating the treatment chamber 201 to vacuum and a
function of adjusting the pressure to a predetermined pres-
sure and keeping the pressure constant in the treatment
chamber 201 to which a sputtering gas is supplied. The
evacuation unit 202 includes a butterfly valve, a stop valve,
a cryopump, a turbo molecular pump, a dry pump, and the
like.

The treatment chamber 201 is provided with a gas supply
unit 204. The gas supply unit 204 supplies a sputtering gas
for generating plasma in the treatment chamber 201.
Although not illustrated, a mass flow controller or the like
which can control the flow rate of the sputtering gas is
provided between the treatment chamber 201 and the gas
supply unit 204.

10

15

20

25

30

35

40

45

50

55

60

65

10

The treatment chamber 201 is provided with an electrode
203 and a substrate support 205 facing the electrode 203.
The electrode 203 and the substrate support 205 are placed
substantially parallel to each other with a certain distance
therebetween.

A target 207 can be placed on the electrode 203. The
substrate 101 can be placed on the substrate support 205,
which is provided with a heater that can heat the substrate
101. The heater is connected to a heater controller (not
shown) with which the temperature of the heater can be
controlled. Note that the substrate support 205 is formed of
a conductive material and functions as an electrode.

A power source 211 is connected to the electrode 203 as
a power supply unit, and a power source 215 is connected to
the substrate support 205 as a power supply unit. The
electrode 203 and a treatment chamber wall 217 are
grounded.

A direct current (DC) power source, an alternating current
(AC) power source, or a radio frequency (RF) power source
can be used as the power source 211 to apply DC power, AC
power, or RF power to the electrode 203. Similarly, a DC
power source, an AC power source, or an RF power source
can be used as the power source 215 to apply DC power, AC
power, or RF power to the substrate support 205. Although
not illustrated, a matching box may be provided between the
power source 211 and the electrode 203 and between the
power source 215 and the substrate support 205.

The sputtering apparatus in FIG. 2B has a structure in
which a magnet 219 is added to the structure of the sput-
tering apparatus in FIG. 2A. The magnet 219 may be placed
in any manner as long as ionization of the sputtering gas can
be promoted with secondary electrons which are sputtered
from the target 207 by generation of a magnetic field on the
target 207.

Described next are specific steps for forming an oxide
semiconductor film in which oxygen vacancies and carrier
density are reduced with use of the sputtering apparatus
illustrated in FIG. 2A or FIG. 2B.

A target containing any of the above materials which can
be used for the oxide semiconductor film 105 is used as the
target 207. Here, an oxide semiconductor target containing
indium is used.

The substrate 101 is placed on the substrate support 205,
and the treatment chamber 201 is evacuated to vacuum with
the evacuation unit 202. Then, oxygen as a sputtering gas is
supplied from the gas supply unit 204 to the treatment
chamber 201, and the pressure (degree of vacuum) inside the
treatment chamber 201 is controlled by the evacuation unit
202 to be a desired pressure. Note that a mixed gas including
a rare gas in addition to oxygen may be used as a sputtering
gas; in that case, the partial pressure of oxygen is preferably
high in order that oxygen can be easily supplied to the oxide
semiconductor film.

DC power, AC power, or RF power is supplied to the
electrode 203 with the power source 211 to cause discharge,
whereby oxygen plasma is generated in the treatment cham-
ber 201. The pressure and the voltage in the treatment
chamber 201 are controlled as appropriate so that oxygen
plasma is generated.

At this time, DC power, AC power, or RF power is
supplied to the substrate support 205 with the power source
215, whereby bias power is supplied to the substrate 101
side and self-bias voltage is generated between the oxygen
plasma and the substrate 101. For example, bias power is
supplied so that oxygen ions in the oxygen plasma move
toward the substrate 101 side easily. In other words, bias
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power is preferably supplied so that the substrate 101 side
has a negative potential with respect to the potential of the
generated oxygen plasma.

For example, when RF power as bias power is supplied to
the substrate 101 side to generate self-bias voltage, the
substrate 101 side has a negative potential with respect to the
potential of the generated oxygen plasma, which enables
oxygen ions (typically, O" and O,") included in the oxygen
plasma to move toward the substrate 101 easily. In other
words, when atoms sputtered from the target 207 by oxygen
ions in the oxygen plasma are deposited on the substrate
101, the oxygen ions move toward the substrate 101 as well;
by utilizing this phenomenon, the oxide semiconductor film
is formed while oxygen ions are taken in by the oxide
semiconductor film. By thus forming the oxide semiconduc-
tor film while oxygen ions are taken in, oxygen vacancies
formed during the formation of the oxide semiconductor
film can be reduced.

Moreover, the number of oxygen ions taken in can be
changed by control of the self-bias voltage. For example,
oxygen ions taken in by the oxide semiconductor film can be
increased by an increase in self-bias voltage. The self-bias
voltage can be increased by an increase in bias power
supplied to the substrate 101 side. Specifically, the oxide
semiconductor film is preferably formed with the self-bias
voltage set higher than or equal to 400 V.

Furthermore, by forming the oxide semiconductor film in
an oxygen atmosphere as described above, release of Zn
from the formed film can be suppressed even when the
heating temperature of the substrate 101 is set higher than or
equal to 300° C., for example.

A high-purity sputtering gas (here, oxygen) from which
hydrogen and moisture have been removed is introduced
into the treatment chamber 201 while moisture which
remains therein is removed, and the oxide semiconductor
film is formed over the substrate 101 with the use of the
above target. In order to remove moisture remaining in the
treatment chamber 201, an entrapment vacuum pump such
as a cryopump, an ion pump, or a titanium sublimation pump
is preferably used. As an evacuation unit, a turbo molecular
pump to which a cold trap is added may be used. In the
treatment chamber 201 which is evacuated with use of the
cryopump, a hydrogen atom, a compound containing a
hydrogen atom such as water (H,O) (further preferably, a
compound containing a carbon atom), and the like are
removed, whereby the impurity concentration in the oxide
semiconductor film formed in the treatment chamber 201
can be reduced.

After that, the formed oxide semiconductor film is sub-
jected to heat treatment. The temperature of the heat treat-
ment is higher than or equal to 300° C. and lower than or
equal to 700° C., or lower than the strain point of the
substrate, for example. The heat treatment can be performed
under reduced pressure, a nitrogen atmosphere, an oxygen
atmosphere, a rare gas atmosphere, or the like. By the heat
treatment, hydrogen contained in the formed oxide semi-
conductor film can be removed.

Note that a heat treatment apparatus used is not limited to
an electric furnace, and a device for heating an object to be
processed by heat conduction or heat radiation from a
heating element such as a resistance heating element may be
alternatively used. For example, a rapid thermal annealing
(RTA) apparatus such as a gas rapid thermal annealing
(GRTA) apparatus or a lamp rapid thermal annealing
(LRTA) apparatus can be used. An LRTA apparatus is an
apparatus for heating an object to be processed by radiation
of light (an electromagnetic wave) emitted from a lamp such
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as a halogen lamp, a metal halide lamp, a xenon arc lamp,
a carbon arc lamp, a high pressure sodium lamp, or a high
pressure mercury lamp. A GRTA apparatus is an apparatus
for heat treatment using a high-temperature gas. As the
high-temperature gas, an inert gas which does not react with
an object to be processed by heat treatment, such as nitrogen
or a rare gas like argon, is used. Any of the heat treatment
apparatuses given here can be used as appropriate for heat
treatment in a method for manufacturing a transistor accord-
ing to one embodiment of the present invention.

Note that in the heat treatment, it is preferable that
moisture, hydrogen, and the like be not contained in nitrogen
or a rare gas such as helium, neon, or argon. The purity of
nitrogen or the rare gas such as helium, neon, or argon which
is introduced into the heat treatment apparatus is set to
preferably 6N (99.9999%) or higher, further preferably 7N
(99.99999%) or higher (that is, the impurity concentration is
preferably 1 ppm or lower, further preferably 0.1 ppm or
lower).

In addition, after the oxide semiconductor film is heated,
a high-purity oxygen gas, a high-purity dinitrogen monoxide
gas, or ultra-dry air (air with a moisture amount of less than
or equal to 20 ppm (-55° C. by conversion into a dew point),
preferably less than or equal to 1 ppm, further preferably less
than or equal to 10 ppb, in the case where measurement is
performed with use of a dew point meter of a cavity ring
down laser spectroscopy (CRDS) system) may be intro-
duced into the same furnace. It is preferable that water,
hydrogen, or the like be not contained in the oxygen gas or
the dinitrogen monoxide gas. The purity of the oxygen gas
or the dinitrogen monoxide gas which is introduced into the
heat treatment apparatus is preferably 6N or higher, further
preferably 7N or higher (i.e., the impurity concentration in
the oxygen gas or the dinitrogen monoxide gas is preferably
1 ppm or lower, further preferably 0.1 ppm or lower). The
oxygen gas or the dinitrogen monoxide gas acts to supply
oxygen that is a main constituent material of the oxide
semiconductor and that is reduced by the step for removing
impurities for dehydration or dehydrogenation, so that the
oxide semiconductor film can be a highly-purified, i-type
(intrinsic) or substantially i-type oxide semiconductor film.

Through the above method, an oxide semiconductor film
in which hydrogen and oxygen vacancies are reduced can be
formed. In other words, an oxide semiconductor film with
high purity and high resistance can be formed. Specifically,
an oxide semiconductor film whose spin density, which is
calculated from the peak of a signal detected at a g value (g)
of around 1.93 by electron spin resonance spectroscopy, is
lower than 9.3x10'® spins/cm®, preferably lower than or
equal to 5x10'¢ spins/cm>, further preferably below the
lower limit of detection and whose carrier density is lower
than 1x10'%*/cm?® can be formed.
<Method for Manufacturing Transistor>

Next, a method for manufacturing the transistor 100 is
described with reference to drawings.

First, the substrate 101 is prepared, the base insulating
film 103 is formed over the substrate 101, and an oxide
semiconductor film 154 is formed over the base insulating
film 103 (see FIG. 3A).

Although there is no particular limitation on the substrate
101, it is preferable that the substrate 101 have an insulating
surface and at least heat resistance high enough to withstand
heat treatment performed later. For example, a variety of
glass substrates for electronics industry, such as a barium
borosilicate glass substrate or an aluminoborosilicate glass
substrate can be used. Note that as the substrate, a substrate
having a thermal expansion coefficient of greater than or
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equal to 25x1077/° C. and less than or equal to 50x1077/° C.
(preferably greater than or equal to 30x1077/° C. and less
than or equal to 40x10~7/° C.) and a strain point of higher
than or equal to 650° C. and lower than or equal to 750° C.
(preferably higher than or equal to 700° C. and lower than
or equal to 740° C.) is preferably used.

In the case where a large-sized substrate having the size
of the fifth generation (1000 mmx1200 mm or 1300
mmx1500 mm), the sixth generation (1500 mmx1800 mm),
the seventh generation (1870 mmx2200 mm), the eighth
generation (2200 mmx2500 mm), the ninth generation
(2400 mmx2800 mm), the tenth generation (2880 mmx3130
mm), or the like is used, minute processing might become
difficult owing to shrinkage of the substrate caused by heat
treatment or the like in the manufacturing process of a
semiconductor device. Therefore, when such a large-sized
glass substrate is used as the substrate, the one with a small
shrinkage is preferably used. For example, a large-sized
glass substrate which has a shrinkage of 20 ppm or less,
preferably 10 ppm or less, further preferably 5 ppm or less
after heat treatment at 450° C., preferably 500° C. for one
hour may be used as the substrate.

As the substrate 101, a ceramic substrate, a quartz sub-
strate, a sapphire substrate, or the like can also be used.
Alternatively, a single crystal semiconductor substrate or a
polycrystalline semiconductor substrate made of silicon or
silicon carbide, a compound semiconductor substrate made
of'silicon germanium or the like, an SOI substrate, or the like
can be used. Still alternatively, any of these substrates
provided with a semiconductor element may be used.

The semiconductor device may be manufactured using a
flexible substrate as the substrate 101. In order to manufac-
ture a flexible semiconductor device, the transistor 100 may
be directly formed over a flexible substrate. Alternatively,
the transistor 100 may be formed over a formation substrate,
and then, the transistor 100 may be separated and transferred
to a flexible substrate. Note that in order to separate the
transistor 100 from the formation substrate and transfer it to
the flexible substrate, a separation layer may be provided
between the formation substrate and the transistor 100. An
example of the flexible substrate is a substrate formed using
an organic resin such as polyimide or polyester.

In this embodiment, a glass substrate is used as the
substrate 101.

The base insulating film 103 is an insulating film which
prevents diffusion of an impurity element such as hydrogen
or moisture from the substrate 101 into the oxide semicon-
ductor film 105. The base insulating film 103 preferably also
has an effect of supplying part of its oxygen to the oxide
semiconductor film by being heated in a manufacturing
process of the transistor 100 to fill the oxygen vacancies in
the oxide semiconductor film. Accordingly, the base insu-
lating film 103 is preferably an insulating film containing
oxygen.

For example, one insulating film selected from an oxide
insulating film of silicon oxide, gallium oxide, aluminum
oxide, or the like, an oxynitride insulating film of silicon
oxynitride, aluminum oxynitride, or the like, and a nitride
oxide insulating film of silicon nitride oxide or the like, or
a stack of any of these films can be used as the base
insulating film 103. Note that “silicon nitride oxide” con-
tains more nitrogen than oxygen and “silicon oxynitride”
contains more oxygen than nitrogen.

The base insulating film 103 can be formed using any of
the materials given above by a chemical vapor deposition
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(CVD) method, a sputtering method, a molecular beam
epitaxy (MBE) method, or a pulsed laser deposition (PLD)
method.

In order for the base insulating film 103 to supply part of
its oxygen to the oxide semiconductor film by being heated
in the manufacturing process of the transistor 100, the base
insulating film 103 is preferably an insulating film which
releases part of its oxygen by being heated. Specifically, the
base insulating film 103 is preferably an insulating film of
which the amount of released oxygen converted into oxygen
atoms is greater than or equal to 1.0x10'® cm™>, preferably
greater than or equal to 3.0x10?° cm™>, in thermal desorption
spectroscopy (TDS) analysis.

A method for quantifying the amount of released oxygen
that is converted into oxygen atoms in TDS analysis is
described below.

The amount of released gas in TDS analysis is propor-
tional to the integral value of a spectrum. Therefore, the
amount of released gas can be calculated from the ratio of
the integral value of a spectrum of the insulating film to the
reference value of a standard sample. The reference value of
a standard sample refers to the ratio of the density of a
predetermined atom contained in a sample to the integral
value of a spectrum.

For example, the number of oxygen molecules (N,,)
released from an insulating film can be found according to
Formula 1 with the TDS analysis results of a silicon wafer
containing hydrogen at a predetermined density, which is the
standard sample, and the TDS analysis results of the insu-
lating film. Here, all spectra having a mass number of 32
which are obtained by the TDS analysis are assumed to
originate from an oxygen molecule. CH;OH can be given as
a gas having a mass number of 32, but is not taken into
consideration on the assumption that it is unlikely to be
present. Further, an oxygen molecule including an oxygen
atom having a mass number of 17 or 18, which is an isotope
of an oxygen atom, is also not taken into consideration
because the proportion of such a molecule in the natural
world is minimal

Nip [FORMULA 1]
Noz = — XSpa X
Sh2

N, 1s the value obtained by conversion of the number of
hydrogen molecules desorbed from the standard sample into
densities. S;;, is the integral value of a spectrum of the
standard sample which is analyzed by TDS. Here, the
reference value of the standard sample is expressed by
N;2/Sem- Ses is the integral value of a spectrum of the
insulating film which is analyzed by TDS. A coeflicient
affecting the intensity of the spectrum in the TDS analysis is
denoted by a. Japanese Published Patent Application No.
H6-275697 can be referred to for details of Formula 1. Note
that the above value of the amount of released oxygen is
obtained by measurement with a thermal desorption spec-
troscopy apparatus produced by ESCO [Ltd., EMD-
WA1000S/W using a silicon wafer containing hydrogen
atoms at 1x10'® cm™ as the standard sample.

Further, in the TDS analysis, oxygen is partly detected as
an oxygen atom. The ratio between oxygen molecules and
oxygen atoms can be calculated from the ionization rate of
the oxygen molecules. Note that, since the above a includes
the ionization rate of the oxygen molecules, the number of
the released oxygen atoms can also be estimated through the
evaluation of the number of the released oxygen molecules.
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Note that N, is the number of the released oxygen
molecules. In the insulating film, the amount of released
oxygen converted into oxygen atoms is twice the number of
the released oxygen molecules.

An example of the insulating film which releases part of
its oxygen by being heated is an insulating film containing
oxygen in a proportion higher than that in the stoichiometric
composition, such as a silicon oxynitride film containing
excess oxygen or a silicon oxide (SiO, (x>2)) film contain-
ing excess oxygen. In the silicon oxide (SiO, (x>2)) film
containing excess oxygen, the number of oxygen atoms per
unit volume is more than twice the number of silicon atoms
per unit volume. The number of silicon atoms and the
number of oxygen atoms per unit volume are measured by
Rutherford backscattering spectrometry.

The insulating film containing oxygen in a proportion
higher than that in the stoichiometric composition can be
formed, for example, by injecting oxygen ions by an ion
implantation method or an ion doping method into an
insulating film that is formed using any of the materials and
methods given above.

Alternatively, the base insulating film 103 may be formed
by a sputtering method which is performed with bias power
supplied to the substrate side. With this sputtering method,
an insulating film containing oxygen in a proportion higher
than that in the stoichiometric composition can be formed as
the base insulating film 103. A method for forming the base
insulating film 103 is described in detail below.
<Method for Forming Oxide Insulating Film>

In the case where an oxide film which contains an oxide
material having an insulating property (hereinafter referred
to as an oxide insulating film) is formed as the base
insulating film 103, an oxide such as silicon oxide, gallium
oxide, hafnium oxide, yttrium oxide, or aluminum oxide, an
oxynitride such as silicon oxynitride or aluminum oxyni-
tride, or a nitride oxide such as silicon nitride oxide can be
used as the oxide material.

The above method for forming the oxide semiconductor
film by a sputtering method is used for the formation with
the target 207 changed from the oxide semiconductor target
to a target containing any of the oxide materials having
insulating properties given above.

Specifically, a target containing any of the above oxide
materials or a non-oxide target such as a silicon target can
be used as the target 207. Note that an oxide target is
preferably used so that oxygen is easily contained in the
formed oxide insulating film.

The step of placing the substrate 101 on the substrate
support 205, the step of evacuating the treatment chamber
201 to vacuum, and the step of supplying oxygen as a
sputtering gas from the gas supply unit 204 to the treatment
chamber 201 and controlling the pressure inside the treat-
ment chamber 201 are the same as those in the above method
for forming the oxide semiconductor film, and the above
description can be referred to.

The subsequent step of supplying power to the electrode
203 with the power source 211 to generate oxygen plasma in
the treatment chamber 201 and forming the oxide insulating
film is the same as that in the above method for forming the
oxide semiconductor film, and the above description can be
referred to.

At this time, DC power, AC power, or RF power is
supplied to the substrate support 205 with the power source
215, whereby bias power is supplied to the substrate 101
side and self-bias voltage is generated between the oxygen
plasma and the substrate 101. For example, bias power is
supplied so that oxygen ions in the oxygen plasma move
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toward the substrate 101 side easily. In other words, bias
power is preferably supplied so that the substrate 101 side
has a negative potential with respect to the potential of the
generated oxygen plasma.

For example, when RF power as bias power is supplied to
the substrate 101 side to generate self-bias voltage, the
substrate 101 side has a negative potential with respect to the
potential of the generated oxygen plasma, which enables
oxygen ions (typically, O* and O,") included in the oxygen
plasma to move toward the substrate 101 easily. In other
words, when atoms sputtered from the target 207 by oxygen
ions in the oxygen plasma are deposited on the substrate
101, the oxygen ions move toward the substrate 101 as well;
by utilizing this phenomenon, the oxide insulating film is
formed while oxygen ions are taken in by the oxide insu-
lating film. By thus forming the oxide insulating film while
oxygen ions are taken in, the oxygen content of the formed
base insulating film 103 can be increased.

Moreover, the number of oxygen ions taken in by the
oxide insulating film can be changed by control of the
self-bias voltage. For example, oxygen ions taken in by the
oxide insulating film can be increased by an increase in
self-bias voltage. To increase the self-bias voltage, bias
power supplied to the substrate 101 side is increased.
Specifically, the oxide insulating film is preferably formed
with the self-bias voltage set higher than or equal to 400 V.

A high-purity sputtering gas (here, oxygen) from which
hydrogen and moisture have been removed is preferably
introduced into the treatment chamber 201 while moisture
which remains therein is removed. As an evacuation unit, a
turbo molecular pump to which a cold trap is added may be
used. In the treatment chamber 201 which is evacuated with
use of the cryopump, a hydrogen atom, a compound con-
taining a hydrogen atom such as water (H,O) (further
preferably, a compound containing a carbon atom), and the
like are removed, whereby the impurity concentration in the
oxide insulating film formed in the treatment chamber 201
can be reduced.

It can be said that the oxide insulating film formed by the
above method contains excess oxygen, the proportion of
which is higher than that in the stoichiometric composition.

In the manufacturing process of the transistor 100, hydro-
gen that is contained in the base insulating film 103 diffuses
into the oxide semiconductor film 105 to reduce the resis-
tance thereof, and thus might cause the transistor 100 to have
poor electric characteristics. Therefore, hydrogen in the base
insulating film 103 is preferably reduced.

To remove hydrogen, moisture, or the like contained in
the base insulating film 103, heat treatment is preferably
performed at a temperature higher than or equal to 300° C.
and lower than or equal to 700° C., or lower than the strain
point of the substrate under reduced pressure, a nitrogen
atmosphere, an oxygen atmosphere, a rare gas atmosphere,
or the like before the injection of oxygen ions.

The thickness of the base insulating film 103 may be
greater than or equal to 5 nm and less than or equal to 3000
nm; here, the base insulating film 103 is formed with a
thickness of 300 nm.

In this embodiment, an insulating film containing oxygen
in a proportion higher than that in the stoichiometric com-
position, specifically, a silicon oxynitride film containing
excess oxygen is used as the base insulating film 103.

Note that the base insulating film 103 is not necessarily
provided, and the oxide semiconductor film may be formed
directly on the substrate 101. For example, in the case where
a flexible substrate is used as the substrate 101, the oxide
semiconductor film may be formed over the base insulating
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film 103 over the flexible substrate or may be formed
directly on the flexible substrate.

A metal oxide containing two or more metal elements can
be used as an oxide semiconductor used for the oxide
semiconductor film 154. For example, an oxide semicon-
ductor containing at least indium is preferable. An oxide
semiconductor containing at least indium (In) and zinc (Zn)
and in which the proportion of indium is higher than that of
zinc is also preferable. As a stabilizer for reducing variation
in electric characteristics of transistors, the oxide semicon-
ductor preferably contains one or more elements selected
from gallium (Ga), tin (Sn), hathium (Hf), aluminum (Al),
and zirconium (Zr).

As another stabilizer, one or plural kinds of lanthanoid
such as lanthanum (La), cerium (Ce), praseodymium (Pr),
neodymium (Nd), samarium (Sm), europium (Eu), gado-
linium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho),
erbium (Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu)
may be contained.

Specifically, the following can be used: an oxide contain-
ing two kinds of metal, such as an In—Z/n-based oxide, a
Sn—7n-based oxide, an Al-—Zn-based oxide, a Zn—Mg-
based oxide, a Sn—Mg-based oxide, an In—Mg-based
oxide, or an In—Ga-based oxide, an oxide containing three
kinds of metal, such as an In—Ga—Z7n-based oxide (also
referred to as IGZ0), an In—Al—Z/n-based oxide, an In—
Sn—Zn-based oxide, a Sn—Ga—Zn-based oxide, an Al—
Ga—Zn-based oxide, a Sn—Al—Zn-based oxide, an In—
Hf—Zn-based oxide, an In—La—Zn-based oxide, an
In—Ce—Zn-based oxide, an In—Pr—Zn-based oxide, an
In—Nd—Zn-based oxide, an In—Sm—~Zn-based oxide, an

In—FEu—Zn-based oxide, an In—Gd—Zn-based oxide, an
In—Tb—Zn-based oxide, an In—Dy—Z7n-based oxide, an
In—Ho—Zn-based oxide, an In—Er—Zn-based oxide, an

In—Tm—Zn-based oxide, an In—Yb—Zn-based oxide, or
an In—Iu—7n-based oxide, or an oxide containing four
kinds of metal, such as an In—Sn—Ga—Zn-based oxide, an
In—Hf—Ga—Zn-based oxide, an In—Al—Ga—Zn-based
oxide, an In—Sn—Al—Zn-based oxide, an In—Sn—Hf—
Zn-based oxide, or an In—Hf—Al—Zn-based oxide, and
the like. Note that indium oxide can be used instead of the
metal oxide containing two or more metal elements.

For example, an In—Ga—7n-based oxide means an
oxide containing In, Ga, and Zn as its main components. The
proportion of indium is preferably higher than that of zinc.
The In—Ga—Z7n-based oxide may contain a metal element
other than the In, Ga, and Zn.

A material represented by InMO;(Zn0),, (m>0, m is not
an integer) may be used as the oxide semiconductor. Note
that M represents one or more metal elements selected from
Ga, Fe, Mn, and Co. Alternatively, a material represented by
In,Sn0O4(Zn0),, (n>0, n is an integer) may be used as the
oxide semiconductor.

For example, an oxide containing In, Ga, and Zn at the
atomic ratio, In:Ga:Zn=a:b:c (a+b+c=1), can be used. Alter-
natively, an oxide whose composition is in the neighborhood
of that of an oxide containing In, Ga, and Zn at the atomic
ratio, In:Ga:Zn=a:b:c (a+b+c=1), can be used. Note that in
the case where the composition of an oxide containing In,
Ga, and Zn at the atomic ratio, In:Ga:Zn=a:b:c (a+b+c=1),
is in the neighborhood of the composition of an oxide
containing In, Ga, and Zn at the atomic ratio, In:Ga:Zn=A:
B:C (A+B+C=1), a, b, and c satisfy the following relation:
(a—A)Y+(b-B)*+(c—C)*<r?, and r may be 0.05, for example.
The same applies to other oxides. For example, an In—Ga—
Zn-based oxide with an atomic ratio of In:Ga:Zn=1:1:1
(=1/3:1/3:1/3), In:Ga:Zn=2:2:1 (=2/5:2/5:1/5), or In:Ga:
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Zn=3:1:2 (=1/2:1/6:1/3), or any of oxides whose composi-
tion is in the neighborhood of the above compositions can be
used as the In—Ga—Zn-based oxide.

In the case of using an In—Sn—7n-based oxide, high
field-effect mobility can be obtained relatively easily. Note
that field-effect mobility can be increased by reducing the
defect density in a bulk also in the case of using an
In—Ga—Zn-based oxide.

For example, an In—Sn—Z7n-based oxide with an atomic
ratio of In:Sn:Zn=1:1:1 (=1/3:1/3:1/3), In:Sn:Zn=2:1:3 (=1/
3:1/6:1/2), or In:Sn:Zn=2:1:5 (=1/4:1/8:5/8), or any of
oxides whose composition is in the neighborhood of the
above compositions may be used.

The base insulating film 103 and the oxide semiconductor
film 154 are preferably formed in succession without expo-
sure to the air. By successive formation of the base insulat-
ing film 103 and the oxide semiconductor film 154 without
exposure to the air, impurities such as hydrogen and mois-
ture can be prevented from being adsorbed onto a surface of
the base insulating film 103.

In this embodiment, a 20 nm thick IGZO film is formed
as the oxide semiconductor film 154.

In the case where the oxide semiconductor film is formed
over the base insulating film 103 by the above formation
method, the oxide semiconductor film is subjected to heat
treatment in a state of being in contact with the base
insulating film 103. Thus, part of oxygen contained in the
base insulating film 103 is released by the heat treatment and
supplied to the oxide semiconductor film, whereby the
interface state density between the oxide semiconductor film
and the base insulating film 103 can be reduced and oxygen
vacancies in the oxide semiconductor film formed by the
above formation method can be filled.

The heat treatment is preferably performed before the
oxide semiconductor film 154 is processed into a desired
shape. In that case, oxygen contained in the base insulating
film 103 can be prevented from being released outside by the
heat treatment.

After the oxide semiconductor film is formed by the
above formation method, the oxide semiconductor film is
processed into the oxide semiconductor film 105 by a
photolithography step and an etching step (see FIG. 3B). A
resist mask for forming the island-shaped oxide semicon-
ductor film 105 may be formed by an inkjet method.
Formation of the resist mask by an inkjet method needs no
photomask; thus, manufacturing cost can be reduced. Resist
masks which are used in later manufacturing steps can be
formed by an inkjet method or the like instead of a photo-
lithography step.

Note that the etching of the oxide semiconductor film may
be dry etching, wet etching, or both dry etching and wet
etching. As an etchant used for wet etching of the oxide
semiconductor film, for example, a mixed solution of phos-
phoric acid, acetic acid, and nitric acid, or the like can be
used. In addition, ITOO7N (produced by KANTO CHEMI-
CAL CO., INC.) may also be used.

Note that the oxide semiconductor film may be processed
into a desired shape or may remain in the form of a film
without being processed. In addition, an element isolation
region formed using an insulating film may be provided to
isolate the oxide semiconductor film for each element.

Next, an insulating film 156 which is to be processed into
the gate insulating film 113 is formed over the base insu-
lating film 103 and the oxide semiconductor film 105, and a
conductive film 157 which is to be processed into the gate
electrode 117 is formed over the insulating film 156 (see
FIG. 3C).
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The gate insulating film 113 can be formed with a
structure and a method similar to those of the base insulating
film 103. By using an insulating film which releases part of
its oxygen by being heated as the gate insulating film 113,
oxygen released from the gate insulating film 113 by the heat
treatment in the manufacturing process of the transistor 100
can be supplied to the oxide semiconductor film to fill the
oxygen vacancies in the oxide semiconductor film (particu-
larly in the channel formation region). Consequently, the
manufactured transistor 100 can have favorable electric
characteristics.

Further, the gate insulating film 113 can be formed using
a high-k material such as hafnium oxide, yttrium oxide,
hafnium silicate (HfSi,0, (x>0, y>0)), hatnium silicate to
which nitrogen is added (HfSi,O N, (x>0, y>0, z>0)), haf-
nium aluminate (HfAL O, (x>0, y>0)), or lanthanum oxide.
By using such a material, gate leakage current can be
reduced.

The thickness of the insulating film 156 is greater than or
equal to 5 nm and less than or equal to 200 nm. To increase
on-state current and field-effect mobility, the insulating film
156 that is processed into the gate insulating film 113 is
preferably formed thin. For example, the thickness of the
insulating film 156 is preferably greater than or equal to 5
nm and less than or equal to 20 nm, further preferably
greater than or equal to 5 nm and less than or equal to 10 nm.

High-density plasma CVD using microwaves (e.g., a
frequency of 2.45 GHz) enables a dense, high-quality insu-
lating film having high withstand voltage to be formed. For
example, a silicon oxynitride film may be formed by high-
density plasma CVD using a silane gas and nitrogen mon-
oxide as source gases. Note that, in addition to the source
gases, argon or nitrogen may be used as a dilution gas.

Here, oxygen ions are injected, by an ion implantation
method or an ion doping method, into a silicon oxynitride
film that is formed by plasma CVD, whereby a silicon
oxynitride film containing excess oxygen is formed as the
insulating film 156. In this embodiment, a 20 nm thick
silicon oxynitride film containing excess oxygen is formed.

It is also possible to form a silicon oxynitride film
containing excess oxygen as the insulating film 156 using a
method similar to that used for the base insulating film 103.

In the manufacturing process of the transistor 100, hydro-
gen that is contained in the insulating film 156 diffuses into
the oxide semiconductor film to reduce the resistance
thereof, and thus might cause the transistor 100 to have poor
electric characteristics. Therefore, hydrogen in the insulating
film 156 is preferably reduced. Thus, similarly to the base
insulating film 103, the silicon oxynitride film formed as the
insulating film 156 may be subjected to heat treatment for
dehydrogenation or dehydration. The heat treatment is per-
formed at a temperature higher than or equal to 300° C. and
lower than or equal to 700° C., or lower than the strain point
of the substrate 101 under reduced pressure, a nitrogen
atmosphere, an oxygen atmosphere, a rare gas atmosphere,
or the like. Note that part of oxygen released from the
insulating film 156 is supplied to the oxide semiconductor
film 105 owing to the heat treatment. Thus, oxygen vacan-
cies in the oxide semiconductor film 105 can be reduced, so
that a high-performance semiconductor device having favor-
able electric characteristics can be manufactured.

Examples of a material that can be used for the gate
electrode 117 are metal materials such as molybdenum,
titanium, tantalum, tungsten, aluminum, copper, neo-
dymium, scandium, and chromium, and alloy materials
which contain any of these elements. Further, the gate
electrode 117 may be formed using a conductive metal oxide
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material. As the conductive metal oxide material, indium
oxide (In,0;), tin oxide (Sn0,), zinc oxide (ZnO), indium
tin oxide (In,O;—SnO,, which is abbreviated to ITO in
some cases), indium zinc oxide (In,O;—Z7n0), or any of
these metal oxide materials in which silicon or silicon oxide
is contained can be used. Alternatively, the gate electrode
117 may be formed using a conductive metal nitride mate-
rial.

The gate electrode 117 can be formed with a single-layer
structure or a stacked-layer structure using any of the above
materials. For example, a two-layer structure in which a
titanium film is stacked over an aluminum film, a two-layer
structure in which a titanium film is stacked over a tungsten
film, a two-layer structure in which a copper film is stacked
over a copper-magnesium-aluminum alloy film, a two-layer
structure in which a tungsten film is stacked over a tantalum
nitride film, a two-layer structure in which a tungsten film is
stacked over a tungsten nitride film, and a three-layer
structure in which a titanium film, an aluminum film, and a
titanium film are stacked in this order can be given. Note that
the gate electrode 117 can also be formed using a transparent
conductive material containing indium oxide, tin oxide, or
zinc oxide.

Further, an In—Ga—Z7n—O film containing nitrogen, an
In—Sn—O film containing nitrogen, an In—Ga—O film
containing nitrogen, an In—7n—O film containing nitro-
gen, a Sn—O film containing nitrogen, an In—O film
containing nitrogen, or a metal nitride film (such as an
indium nitride film, a zinc nitride film, a tantalum nitride
film, or a tungsten nitride film) is preferably provided
between the gate electrode 117 and the gate insulating film
113. These films each have a work function of 5 eV or
higher, preferably 5.5 eV or higher; thus, the threshold
voltage, which is one of the electric characteristics of the
transistor 100, can be positive. Accordingly, the transistor
100 can be a so-called normally-off transistor. For example,
in the case of using an In—Ga—Z7n—O film containing
nitrogen, an In—Ga—7/n—O film having a nitrogen con-
centration at least higher than that of the oxide semiconduc-
tor film 105 is used; specifically, an In—Ga—7n—0O film
containing nitrogen atoms at a concentration higher than or
equal to 7 at. % is used.

The conductive film 157 can be formed by a CVD
method, a sputtering method, an MBE method, a PLD
method, or a vacuum evaporation method. In this embodi-
ment, a 30 nm thick tantalum nitride film over the insulating
film 156 and a 200 nm thick tungsten film over the tantalum
nitride film are formed as the conductive film 157 by a
sputtering method.

Next, by a photolithography step and an etching step, the
conductive film 157 and the insulating film 156 are pro-
cessed, so that the gate electrode 117 and the gate insulating
film 113 are formed, respectively (see FIG. 3D). Here, the
etching step may be wet etching, dry etching, or both of
them.

Then, the metal oxide film 121 having an insulating
property is formed to cover the base insulating film 103, the
oxide semiconductor film 105, the gate insulating film 113,
and the gate electrode 117, and the interlayer insulating film
123 is formed over the metal oxide film 121 having an
insulating property (see FIG. 4A).

The metal oxide film 121 having an insulating property is
preferably an inorganic insulating film which is formed of a
material different from that of the gate insulating film 113,
particularly a dense inorganic insulating film. An aluminum
oxide film formed by a sputtering method can be given as an
example of the dense inorganic insulating film. By using an
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aluminum oxide film having high density (a film density of
3.2 g/lem® or higher, preferably 3.6 g/cm® or higher), the
following effects can be obtained: an impurity such as
moisture in the outside air is prevented from entering the
oxide semiconductor film 105, and oxygen, which is one of
constituent elements of the transistor 100, is prevented from
being released outside the transistor 100. Thus, the metal
oxide film 121 having an insulating property functions as a
barrier film which prevents entry of moisture and the like to
the oxide semiconductor film 105 (particularly to the chan-
nel formation region) and also as a barrier film which
prevents release of oxygen, which is a main constituent
material of the oxide semiconductor film 105, in and after
the manufacturing process of the transistor 100, and thus
enables the manufactured transistor 100 to have favorable
electric characteristics. Note that the film density can be
measured by Rutherford backscattering spectrometry (RBS)
or X-ray reflection (XRR).

Here, an aluminum oxide film is formed by a sputtering
method as the metal oxide film 121 having an insulating
property. The thickness of the metal oxide film 121 having
an insulating property is preferably greater than or equal to
5 nm and less than or equal to 200 nm, further preferably
greater than or equal to 5 nm and less than or equal to 50 nm;
here, a 20 nm thick aluminum oxide film is formed.

The interlayer insulating film 123 can be formed with a
material and a method given in the description of the base
insulating film 103. In this embodiment, a 400 nm thick
silicon oxynitride film is formed by a plasma CVD method.

Heat treatment is preferably performed at least after the
formation of the metal oxide film 121 having an insulating
property. This heat treatment can be performed in a manner
similar to that of the heat treatment performed after the oxide
semiconductor film 154 is formed over the base insulating
film 103. Owing to this heat treatment, part of oxygen
contained in the base insulating film 103 and the gate
insulating film 113 can be supplied to the interface between
the base insulating film 103 and the oxide semiconductor
film 105 (particularly the channel formation region), the
interface between the gate insulating film 113 and the oxide
semiconductor film 105 (particularly the channel formation
region), and the oxide semiconductor film 105 to reduce the
interface state density of each interface and fill the oxygen
vacancies in the oxide semiconductor film 105.

Moreover, the metal oxide film 121 having an insulating
property has an effect of preventing oxygen contained in the
base insulating film 103 and the gate insulating film 113
from being released outside, which enables the interface
state density to be reduced and oxygen vacancies to be filled
efficiently and sufficiently. Accordingly, in the transistor
100, carrier trapping at the interface between the base
insulating film 103 and the oxide semiconductor film 105
and the interface between the gate insulating film 113 and
the oxide semiconductor film 105, which is caused by the
operation of the transistor or the like, is suppressed; thus, the
transistor 100 has excellent reliability. The oxide semicon-
ductor film 105 has fewer electrons due to oxygen vacancies,
and the metal oxide film 121 having an insulating property
has an effect of preventing entry of an impurity such as
hydrogen or moisture in the outside air, which also enables
the transistor 100 to have excellent reliability. Note that
hydrogen and moisture contained in the interlayer insulating
film 123 can be removed by performing the heat treatment
after the formation of the interlayer insulating film 123.

Next, a photolithography step and an etching step are
performed on the metal oxide film 121 having an insulating
property and the interlayer insulating film 123, whereby the
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openings 125a and 12554 reaching the oxide semiconductor
film 105 are formed (see FIG. 4B). A conductive film is
formed over the openings 1254 and 1255 and subjected to a
photolithography step and an etching step; thus, the source
electrode 127a and the drain electrode 1275 are formed (see
FIG. 1B).

The source electrode 127a and the drain electrode 1275
can be formed with a material and a method given in the
description of the gate electrode 117. Besides that material,
a metal nitride material containing any of molybdenum,
titanium, tantalum, tungsten, aluminum, copper, neo-
dymium, scandium, and chromium as its component (e.g.,
titanium nitride, molybdenum nitride, or tungsten nitride)
may be used for the source electrode 1274 and the drain
electrode 1275. Alternatively, the source electrode 1274 and
the drain electrode 1276 may have a structure in which a
high-melting-point metal such as titanium, molybdenum, or
tungsten, or a metal nitride material of any of these high-
melting-point metals (titanium nitride, molybdenum nitride,
or tungsten nitride) is stacked either or both over and under
ametal such as aluminum or copper. In this embodiment, the
source electrode 1274 and the drain electrode 127b are
formed by stacking titanium, aluminum, and titanium in this
order.

In addition, a planarization insulating film may be formed
over the interlayer insulating film 123 in order to reduce
surface unevenness due to the transistor. For the planariza-
tion insulating film, an organic material such as polyimide,
an acrylic resin, or a benzocyclobutene-based resin can be
used. Other than such organic materials, it is also possible to
use a low-dielectric constant material (a low-k material) or
the like. Note that the planarization insulating film may be
formed by stacking a plurality of insulating films formed
from these materials.

By processing only the conductive film 157 in the step of
processing the insulating film 156 and the conductive film
157 into the gate insulating film 113 and the gate electrode
117, and by forming openings in the insulating film 156, a
transistor in which the insulating film 156 serves as a gate
insulating film can be manufactured (see FIG. 5). Note that
in order to process only the conductive film 157, etching
conditions are set such that the etching selectivity ratio of the
conductive film 157 to the insulating film 156 is high.

As described above, bias power is supplied to the sub-
strate side in an oxygen atmosphere and an oxide semicon-
ductor film is formed by a sputtering method with self-bias
voltage controlled, and then heat treatment is performed,
whereby an oxide semiconductor film which contains excess
oxygen and in which hydrogen and oxygen vacancies are
reduced can be formed. A transistor manufactured using the
oxide semiconductor film, in which charge due to hydrogen
and oxygen vacancies in the oxide semiconductor film is
reduced, achieves at least a suppression of a shift of the
threshold voltage in the negative direction and a reduction in
the off-state current. Accordingly, one embodiment of the
present invention can provide a high-performance semicon-
ductor device having favorable electric characteristics.

Note that the structures, methods, and the like described
in this embodiment can be used as appropriate in combina-
tion with any of the structures, methods, and the like
described in the other embodiments and example.

Embodiment 2

In this embodiment, a semiconductor device having a
structure which is partly different from that of the semicon-
ductor device described in the above embodiment will be
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described. Note that a transistor will be described as an
example of the semiconductor device also in this embodi-
ment. In this embodiment, the drawings (including reference
numerals and hatching patterns) and descriptions in the
above embodiment are used as appropriate, and points
described in the above embodiment are not repeated in some
cases.

The transistor described in this embodiment has a struc-
ture in which the oxide semiconductor film of the transistor
described in the above embodiment includes a first region
functioning as a channel formation region and a pair of
second regions having lower resistance than the first region
and functioning as a source region and a drain region. The
first region and the pair of second regions can be formed in
a self-aligned manner by injection of a dopant with use of
the gate electrode as a mask.
<Structure Example of Transistor>

FIGS. 6A and 6B are a top view and a cross-sectional
view which illustrate a transistor 200. FIG. 6A is a top view
of the transistor 200, and FIG. 6B is a cross-sectional view
taken along dashed-dotted line A-B in FIG. 6A. Note that in
FIG. 6A, some components of the transistor 200 (e.g., the
substrate 101, the base insulating film 103, and the gate
insulating film 113) are omitted for simplicity.

According to FIGS. 6A and 6B, in the transistor 200, the
base insulating film 103 is provided over the substrate 101,
an oxide semiconductor film 106 is provided over the base
insulating film 103, the gate insulating film 113 is provided
over the oxide semiconductor film 106, the gate electrode
117 is provided over the gate insulating film 113, the metal
oxide film 121 having an insulating property is provided
over the base insulating film 103, the oxide semiconductor
film 106, the gate insulating film 113, and the gate electrode
117, the interlayer insulating film 123 is provided over the
metal oxide film 121 having an insulating property, and the
source electrode 127a and the drain electrode 1275 are
provided in contact with the oxide semiconductor film 106
through the openings 1254 and 1256 formed in the metal
oxide film 121 having an insulating property and the inter-
layer insulating film 123. Note that the base insulating film
103 and the interlayer insulating film 123 are not necessarily
provided.

The oxide semiconductor film 106 includes a first region
107 and a pair of second regions 1094 and 1095 facing each
other with the first region 107 provided therebetween. In the
oxide semiconductor film 106, the first region 107 does not
contain the dopant and the pair of second regions 1094 and
1094 contains the dopant. The pair of second regions 109a
and 1095 has lower resistance than the first region 107.

The concentration of the dopant contained in the pair of
second regions 1094 and 1096 is preferably higher than or
equal to 5x10'%/cm> and lower than or equal to 1x10**/cm®.

The gate electrode 117 is provided so as to face the first
region 107 of the oxide semiconductor film 106 with the gate
insulating film 113 therebetween. The source electrode 1274
and the drain electrode 12756 are provided in contact with
upper surfaces of the pair of second regions 1094 and 1095.
Accordingly, the first region 107 overlapping with the gate
electrode 117 with the gate insulating film 113 therebetween
functions as a channel formation region and the pair of
second regions 109a and 1095 functions as a source region
and a drain region.

In the oxide semiconductor film 106, the first region 107
functioning as a channel formation region is an oxide
semiconductor film with high purity and high resistance in
which hydrogen and oxygen vacancies are reduced. Specifi-
cally, the spin density of the first region 107, which is
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calculated from the peak of a signal detected at a g value (g)
of around 1.93 by electron spin resonance spectroscopy, is
lower than 9.3x10'® spins/cm®, preferably lower than or
equal to 5x10'¢ spins/cm>, further preferably below the
lower limit of detection, and the carrier density thereof is
lower than 1x10"%/cm®.

The hydrogen concentration in the first region 107 is
lower than 5x10'® atoms/cm?®, preferably lower than or
equal to 5x10'7 atoms/cm>. Note that the hydrogen concen-
tration is measured by SIMS.

Similarly to the transistor 100, the transistor 200 is a
top-gate transistor. Details of the substrate 101, the base
insulating film 103, the gate insulating film 113, the gate
electrode 117, the metal oxide film 121 having an insulating
property, the interlayer insulating film 123, the source elec-
trode 127a, and the drain electrode 1275 of the transistor
200, as well as a material that can be used for the oxide
semiconductor film 106, are similar to those described in
Embodiment 1.

In a transistor including an oxide semiconductor, a short
channel length might cause degradation of electric charac-
teristics, such as a shift of threshold voltage. Thus, in the
transistor 200, for example, the pair of second regions 109«
and 1094 is provided on the ends of the first region 107,
whereby an electric field applied between the source region
and the drain region of the oxide semiconductor film 106,
particularly electric-field concentration in the vicinity of the
drain region can be reduced. Consequently, degradation of
electric characteristics can be prevented. Owing to a reduc-
tion in electric-field concentration, the transistor can be
prevented from being damaged by the electric-field concen-
tration.

Further, since the resistance of the pair of second regions
109a and 1095 is reduced, the contact resistance with the
source electrode 127a and the drain electrode 12756 is
reduced.

According to the above, the transistor 200 has favorable
electric characteristics, degradation of which is prevented.
Specifically, the off-state current is reduced, the on-state
current, field-effect mobility, and withstand voltage are
increased, and a shift of the threshold voltage in the negative
direction is suppressed.
<Method for Manufacturing Transistor>

Next, a method for manufacturing the transistor 200 is
described with reference to drawings.

Steps from the preparation of the substrate 101 to the
formation of the gate insulating film 113 and the gate
electrode 117 can be performed in a manner similar to that
in the method for manufacturing the transistor 100 (see
FIGS. 3A to 3D).

Next, a dopant 159 is injected into the oxide semicon-
ductor film 105 with use of the gate electrode 117 as a mask
to provide the oxide semiconductor film 106 including the
first region 107 and the pair of second regions 109a and
1095 having lower resistance than the first region 107 and
containing the dopant 159 (see FIG. 7A). As the dopant 159,
one or more elements selected from boron, nitrogen, fluo-
rine, aluminum, phosphorus, arsenic, indium, tin, antimony,
helium, neon, argon, krypton, and xenon may be used. Note
that the dopant may be injected by an ion implantation
method or an ion doping method. Alternatively, plasma
treatment or heat treatment may be performed in an atmo-
sphere containing a dopant that reduces the resistance of the
oxide semiconductor film 105 so that the dopant is injected
into the oxide semiconductor film 105. It is preferable to
employ an ion implantation method.
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The dopant 159 is injected with injection conditions, e.g.,
acceleration voltage and dose, set as appropriate. For
example, in the case where phosphorus is used as the dopant
159 and phosphorus ions are injected by an ion implantation
method, the acceleration voltage can be 30 kV, and the dose
can be greater than or equal to 1x10'® ions/cm? and less than
or equal to 5x10'% ions/cm?, specifically 1x10*° ions/cm?.

Note that heat treatment may be performed after the
dopant 159 is injected into the oxide semiconductor film 105
by an ion implantation method. The heat treatment is per-
formed at a temperature higher than or equal to 300° C. and
lower than or equal to 700° C., or higher than or equal to
300° C. and lower than the strain point of the substrate under
an oxygen atmosphere, a nitrogen atmosphere, reduced
pressure, or the air (ultra-dry air). For example, the heat
treatment is preferably performed at a temperature higher
than or equal to 300° C. and lower than or equal to 450° C.
for one hour in an oxygen atmosphere.

In the case where the regions containing the dopant 159
in the oxide semiconductor film 106 are amorphous, hydro-
gen contained in the first region 107 easily diffuses into the
regions containing the dopant 159 during heat treatment
performed in any step after the injection of the dopant 159
in the manufacturing process of the transistor 200. Thus,
hydrogen in the first region 107 is reduced, whereby the first
region 107 is highly purified, and the resistance of the
regions containing the dopant 159 is further reduced.

In the case where the oxide semiconductor film 105 is a
crystalline oxide semiconductor film, a portion of the oxide
semiconductor film 105 becomes amorphous by the injec-
tion of the dopant 159 in some cases. In that case, the
crystallinity of the portion which has become amorphous
can be recovered by heat treatment at a temperature high
enough for the region to be crystallized.

Then, the metal oxide film 121 having an insulating
property is formed to cover the base insulating film 103, the
oxide semiconductor film 106, the gate insulating film 113,
and the gate electrode 117, and the interlayer insulating film
123 is formed over the metal oxide film 121 having an
insulating property (see FIG. 7B). Note that the metal oxide
film 121 having an insulating property and the interlayer
insulating film 123 can be formed in a manner similar to that
in the method for manufacturing the transistor 100.

In the method for manufacturing the transistor 200 as well
as in the method for manufacturing the transistor 100, heat
treatment is preferably performed at least after the formation
of the metal oxide film 121 having an insulating property.
Owing to this heat treatment, part of oxygen contained in the
base insulating film 103 and the gate insulating film 113 can
be supplied to the interface between the base insulating film
103 and the oxide semiconductor film 106 (particularly the
first region 107), the interface between the gate insulating
film 113 and the oxide semiconductor film 106 (particularly
the first region 107), and the oxide semiconductor film 106
to reduce the interface state density of each interface and fill
the oxygen vacancies in the oxide semiconductor film 106.

Moreover, the metal oxide film 121 having an insulating
property has an effect of preventing oxygen contained in the
base insulating film 103 and the gate insulating film 113
from being released outside, which enables the interface
state density to be reduced and oxygen vacancies to be filled
efficiently and sufficiently. Accordingly, in the transistor
200, carrier trapping at the interface between the base
insulating film 103 and the oxide semiconductor film 106
and the interface between the gate insulating film 113 and
the oxide semiconductor film 106, which is caused by the
operation of the transistor or the like, is suppressed; thus, the
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transistor 200 has excellent reliability. The oxide semicon-
ductor film 106 has fewer electrons due to oxygen vacancies,
and the metal oxide film 121 having an insulating property
has an effect of preventing entry of an impurity such as
hydrogen or moisture in the outside air, which also enables
the transistor 200 to have excellent reliability. Note that
hydrogen and moisture contained in the interlayer insulating
film 123 can be removed by performing the heat treatment
after the formation of the interlayer insulating film 123.

Next, as in the above embodiment, the openings 1254 and
1254 reaching the pair of second regions 109a and 10956 of
the oxide semiconductor film 106 are formed in the metal
oxide film 121 having an insulating property and the inter-
layer insulating film 123 (see FIG. 7C). As in the above
embodiment, the source electrode 127a and the drain elec-
trode 1275 are formed over the openings 125a and 1255 (see
FIG. 6B).

In addition, as in the transistor 100, a planarization
insulating film may be formed over the interlayer insulating
film 123 in order to reduce surface unevenness due to the
transistor.

In the above manufacturing method, the dopant 159 is
directly injected into the oxide semiconductor film 105.
Another example is described here. The insulating film 156
covers the oxide semiconductor film 105 without being
processed like the gate insulating film 113, and the dopant
159 is injected into the oxide semiconductor film 105
through the insulating film 156 to provide the oxide semi-
conductor film 106 (see FIG. 8A). The insulating film 156 is
used as a gate insulating film (see FIG. 8B). Note that the
transistor 200 can also be manufactured in the following
manner: the insulating film 156 is processed so as to overlap
with only the first region 107 after the dopant 159 is injected
into the oxide semiconductor film 105 through the insulating
film 156 (see FIG. 6B).

As described above, one embodiment of the present
invention can provide a high-performance semiconductor
device having favorable electric characteristics.

Note that the structures, methods, and the like described
in this embodiment can be used as appropriate in combina-
tion with any of the structures, methods, and the like
described in the other embodiments and example.

Embodiment 3

In this embodiment, a semiconductor device having a
structure which is partly different from those of the semi-
conductor devices described in the above embodiments will
be described. Note that a transistor will be described as an
example of the semiconductor device also in this embodi-
ment. In this embodiment, the drawings (including reference
numerals and hatching patterns) and descriptions in the
above embodiments are used as appropriate, and points
described in the above embodiments are not repeated in
some cases.

The transistor described in this embodiment has a struc-
ture in which the oxide semiconductor film of the transistor
described in either of the above embodiments includes a first
region, a pair of second regions having lower resistance than
the first region, and a pair of third regions having lower
resistance than the pair of second regions. The first region,
the pair of second regions, and the pair of third regions are
formed in a self-aligned manner by injection of a dopant
through the gate electrode and a sidewall insulating film that
is provided in contact with a side surface of the gate
electrode.
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<Structure Example of Transistor>

FIGS. 9A and 9B are a top view and a cross-sectional
view which illustrate a transistor 300. FIG. 9A is a top view
of the transistor 300, and FIG. 9B is a cross-sectional view
taken along dashed-dotted line A-B in FIG. 9A. Note that in
FIG. 9A, some components of the transistor 300 (e.g., the
substrate 101, the base insulating film 103, and the gate
insulating film 113) are omitted for simplicity.

According to FIGS. 9A and 9B, in the transistor 300, the
base insulating film 103 is provided over the substrate 101,
an oxide semiconductor film 130 is provided over the base
insulating film 103, the gate insulating film 113 is provided
over the oxide semiconductor film 130, the gate electrode
117 is provided over the gate insulating film 113, a sidewall
insulating film 119 is provided in contact with the gate
electrode 117 and the gate insulating film 113, the metal
oxide film 121 having an insulating property is provided
over the base insulating film 103, the oxide semiconductor
film 130, the gate insulating film 113, the sidewall insulating
film 119, and the gate electrode 117, the interlayer insulating
film 123 is provided over the metal oxide film 121 having an
insulating property, and the source electrode 1274 and the
drain electrode 1275 are provided in contact with the oxide
semiconductor film 130 through the openings 125q and 1256
formed in the metal oxide film 121 having an insulating
property and the interlayer insulating film 123. Note that the
base insulating film 103 and the interlayer insulating film
123 are not necessarily provided.

The oxide semiconductor film 130 includes a first region
132, a pair of second regions 134a and 1344 facing each
other with the first region 132 provided therebetween, and a
pair of third regions 1364 and 1364 facing each other with
the first region 132 and the pair of second regions 134a and
1345 provided therebetween. In the oxide semiconductor
film 130, the first region 132 does not contain the dopant and
the pair of second regions 134a and 1345 and the pair of
third regions 136a and 1365 contain the dopant. Note that
the first region 132 of the transistor 300 is similar to the first
region 107 of the transistor 200.

The pair of second regions 134a and 1345 has lower
resistance than the first region 132, and the pair of third
regions 136a and 13654 has lower resistance than the pair of
second regions 134a and 134b. The concentration of the
dopant contained in the pair of second regions 134a and
1344 and the pair of third regions 136a and 1365 is prefer-
ably higher than or equal to 5x10'%cm® and lower than or
equal to 1x10**/cm>.

The gate electrode 117 is provided so as to face the first
region 132 of the oxide semiconductor film 130 with the gate
insulating film 113 therebetween. Accordingly, the first
region 132 overlapping with the gate electrode 117 with the
gate insulating film 113 therebetween functions as a channel
formation region.

Regions with different resistances are provided as the pair
of second regions 134a and 1344 and the pair of third
regions 136a and 13654 so that regions in contact with the
source electrode 1274 and the drain electrode 1275 have the
lowest resistance. Accordingly, the source electrode 127a
and the drain electrode 1276 are in contact with upper
surfaces of the pair of third regions 1364 and 1365. The pair
of third regions 136a and 1365 thus functions as a source
region and a drain region.

In the oxide semiconductor film 130, the first region 132
functioning as a channel formation region is an oxide
semiconductor film with high purity and high resistance in
which hydrogen and oxygen vacancies are reduced. Specifi-
cally, the spin density of the first region 132, which is
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calculated from the peak of a signal detected at a g value (g)
of around 1.93 by electron spin resonance spectroscopy, is
lower than 9.3x10'® spins/cm®, preferably lower than or
equal to 5x10'¢ spins/cm>, further preferably below the
lower limit of detection, and the carrier density thereof is
lower than 1x10"%/cm®.

The hydrogen concentration in the first region 132 is
lower than 5x10'® atoms/cm’, preferably lower than or
equal to 5x10'7 atoms/cm?. Note that the hydrogen concen-
tration is measured by SIMS.

Owing to a difference in dopant concentration in the oxide
semiconductor film 130, the first region 132, the pair of
second regions 134a and 1345, and the pair of third regions
136a and 13654 are gradually varied in resistance. Thus, an
electric field from the drain region can be gradually applied
to the oxide semiconductor film 130 (particularly the first
region 132) included in the transistor 300, so that electric-
field concentration in the vicinity of the drain region can be
reduced, which results in prevention of a shift of threshold
voltage, damage to the transistor, or the like due to the
electric-field concentration.

By providing regions which are gradually varied in resis-
tance, like the pair of second regions 134a and 1345 and the
pair of third regions 136a and 1365, an electric field applied
to the oxide semiconductor film 130 (particularly the first
region 132) can be effectively reduced as compared with the
case where only one pair of low-resistance regions is pro-
vided as in the transistor 200.

Further, since the resistance of the pair of third regions
136a and 13654 is reduced, the contact resistance with the
source electrode 127a and the drain electrode 12756 is
reduced.

According to the above, the transistor 300 has favorable
electric characteristics, degradation of which is prevented.
Specifically, the off-state current is reduced, the on-state
current, field-effect mobility, and withstand voltage are
increased, and a shift of the threshold voltage in the negative
direction is suppressed.
<Method for Manufacturing Transistor>

Next, a method for manufacturing the transistor 300 is
described with reference to drawings.

Steps from the preparation of the substrate 101 to the
formation of the insulating film 156 and the conductive film
157 that is processed into the gate electrode 117 can be
performed in a manner similar to that in the method for
manufacturing the transistor 100 (see FIGS. 3A to 3C).

Next, a photolithography step and an etching step are
performed on the conductive film 157, whereby the gate
electrode 117 is formed. In view of forming the sidewall
insulating film 119 in a later step, the taper angle of the gate
electrode 117 is preferably substantially perpendicular to the
bottom surface of the gate electrode 117 (the top surface of
the insulating film 156). Anisotropic etching such as reactive
ion etching (RIE) is preferably employed for such process-
ing.

Next, the dopant 159 is injected into the oxide semicon-
ductor film 105 with use of the gate electrode 117 as a mask
to form the first region 132 and a pair of regions 108a and
1085 having lower resistance than the first region 132 and
containing the dopant 159 (see FIG. 10A). Note that an
element which can be used as the dopant 159 and an
injection method are similar to those in Embodiment 2. Heat
treatment may be performed after the injection of the dopant
159 as in Embodiment 2.

Next, an insulating film 161 is formed over the insulating
film 156 and the gate electrode 117 in order to form the
sidewall insulating film 119 (see FIG. 10B).
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The insulating film 161 is processed by anisotropic etch-
ing such as RIE, whereby the sidewall insulating film 119 is
formed in contact with a side surface of the gate electrode
117 in a self-aligned manner (see FIG. 10C). Here, the
insulating film 161 is preferably a nitride insulating film
(e.g., a silicon nitride film or an aluminum nitride film).
Using different materials for the insulating film 156 and the
insulating film 161 enables the insulating film 161 to have a
high etching selectivity ratio to the insulating film 156; thus,
the end point in the etching for forming the sidewall insu-
lating film 119 can be easily detected. In addition, the
insulating film 156 serves as an etching stopper which
prevents the pair of regions 108¢ and 1085 from being
etched at the time of forming the sidewall insulating film
119. Note that the insulating film 161 can be formed by a
method which can be applied to the base insulating film 103
or the insulating film 156.

Next, the insulating film 156 is processed by anisotropic
etching such RIE with use of the gate electrode 117 and the
sidewall insulating film 119 as masks, whereby the gate
insulating film 113 is formed (see FIG. 10D). Part of the pair
of regions 108a and 1085 is exposed when the gate insu-
lating film 113 is formed.

Next, the dopant 159 is injected into the pair of regions
108a and 1085 with use of the gate electrode 117 and the
sidewall insulating film 119 as masks, whereby the pair of
second regions 1344 and 1345 and the pair of third regions
136a and 13654 are formed (see FIG. 11A). By this step, the
oxide semiconductor film 130 including the first region 132,
the pair of second regions 134a and 1344, and the pair of
third regions 1364 and 1364 is formed. Note that an element
which can be used as the dopant 159 and an injection method
are similar to those in Embodiment 2. Heat treatment may be
performed after the injection of the dopant 159 as in
Embodiment 2.

Then, the metal oxide film 121 having an insulating
property is formed to cover the base insulating film 103, the
oxide semiconductor film 130, the gate insulating film 113,
and the gate electrode 117 (see FIG. 11B). Further, the
interlayer insulating film 123 is formed over the metal oxide
film 121 having an insulating property (see FIG. 11C). Note
that the metal oxide film 121 having an insulating property
and the interlayer insulating film 123 can be formed in a
manner similar to that in the method for manufacturing the
transistor 100.

In the method for manufacturing the transistor 300 as well
as in the method for manufacturing the transistor 100, heat
treatment is preferably performed at least after the formation
of the metal oxide film 121 having an insulating property.
Owing to this heat treatment, part of oxygen contained in the
base insulating film 103 and the gate insulating film 113 can
be supplied to the interface between the base insulating film
103 and the oxide semiconductor film 130 (particularly the
first region 132), the interface between the gate insulating
film 113 and the oxide semiconductor film 130 (particularly
the first region 132), and the oxide semiconductor film 130
to reduce the interface state density of each interface and fill
the oxygen vacancies in the oxide semiconductor film 130.

Moreover, the metal oxide film 121 having an insulating
property has an effect of preventing oxygen contained in the
base insulating film 103 and the gate insulating film 113
from being released outside, which enables the interface
state density to be reduced and oxygen vacancies to be filled
efficiently and sufficiently. Accordingly, in the transistor
300, carrier trapping at the interface between the base
insulating film 103 and the oxide semiconductor film 130
and the interface between the gate insulating film 113 and
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the oxide semiconductor film 130, which is caused by the
operation of the transistor or the like, is suppressed; thus, the
transistor 300 has excellent reliability. The oxide semicon-
ductor film 130 has fewer electrons due to oxygen vacancies,
and the metal oxide film 121 having an insulating property
has an effect of preventing entry of an impurity such as
hydrogen or moisture in the outside air, which also enables
the transistor 300 to have excellent reliability. Note that
hydrogen and moisture contained in the interlayer insulating
film 123 can be removed by performing the heat treatment
after the formation of the interlayer insulating film 123.

Next, as in the above embodiments, the openings 125a
and 1256 reaching the pair of third regions 136a and 1365
of the oxide semiconductor film 130 are formed in the metal
oxide film 121 having an insulating property and the inter-
layer insulating film 123 (see FIG. 11D). As in the above
embodiments, the source electrode 127a and the drain
electrode 1275 are formed over the openings 1254 and 1255
(see FIG. 9B).

In addition, as in the transistor 100, a planarization
insulating film may be formed over the interlayer insulating
film 123 in order to reduce surface unevenness due to the
transistor.

In the above manufacturing method, the dopant 159 is
injected into the oxide semiconductor film 105 through the
insulating film 156 (see FIG. 10A). Another example is
described here. The insulating film 156 is processed into the
gate insulating film 113 before this step, and the dopant 159
is injected into the oxide semiconductor film 105 in a state
where the oxide semiconductor film 105 is exposed,
whereby the pair of regions 108a and 1085 is formed (see
FIG. 12A). Then, the insulating film 161 is formed to cover
the pair of regions 108a and 1085, the gate insulating film
113, and the gate electrode 117 and subjected to anisotropic
etching such as RIE, whereby the sidewall insulating film
119 is formed (see FIG. 12B). FIG. 12C is a cross-sectional
view illustrating a transistor including the sidewall insulat-
ing film 119 formed in this manner.

As described above, one embodiment of the present
invention can provide a high-performance semiconductor
device having favorable electric characteristics.

Note that the structures, methods, and the like described
in this embodiment can be used as appropriate in combina-
tion with any of the structures, methods, and the like
described in the other embodiments and example.

Embodiment 4

In this embodiment, a transistor which is manufactured by
a method partly different from those of the transistors
described in the above embodiments will be described.
Accordingly, in this embodiment, the drawings (including
reference numerals and hatching patterns) and descriptions
in the above embodiments are used as appropriate, and
points described in the above embodiments are not repeated
in some cases.
<Structure Example of Transistor>

FIGS. 13A and 13B are a top view and a cross-sectional
view which illustrate a transistor 400. FIG. 13A is a top view
of the transistor 400, and FIG. 13B is a cross-sectional view
taken along dashed-dotted line A-B in FIG. 13A. Note that
in FIG. 13A, some components of the transistor 400 (e.g.,
the substrate 101, the base insulating film 103, and the gate
insulating film 113) are omitted for simplicity.

According to FIGS. 13A and 13B, in the transistor 400,
the base insulating film 103 is provided over the substrate
101, the source electrode 127a and the drain electrode 1275
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are provided over the base insulating film 103, the oxide
semiconductor film 130 is provided over the base insulating
film 103 to be in contact with part of the source electrode
127a and the drain electrode 1275, the gate insulating film
113 is provided over the oxide semiconductor film 130, the
gate electrode 117 is provided over the gate insulating film
113, the sidewall insulating film 119 is provided in contact
with the gate electrode 117 and the gate insulating film 113,
the metal oxide film 121 having an insulating property is
provided over the base insulating film 103, the oxide semi-
conductor film 130, the gate insulating film 113, the sidewall
insulating film 119, and the gate electrode 117, the interlayer
insulating film 123 is provided over the metal oxide film 121
having an insulating property, and a source wiring 327a and
a drain wiring 3276 are provided in contact with the source
electrode 127a and the drain electrode 1275 through the
openings 125a and 1255 formed in the metal oxide film 121
having an insulating property and the interlayer insulating
film 123. Note that the base insulating film 103 and the
interlayer insulating film 123 are not necessarily provided.

Details of the substrate 101, the base insulating film 103,
the oxide semiconductor film 130, the gate insulating film
113, the gate electrode 117, the sidewall insulating film 119,
the metal oxide film 121 having an insulating property, the
interlayer insulating film 123, the source electrode 127a, and
the drain electrode 1275 of the transistor 400 are similar to
those of the transistor 300.

The source wiring 327a and the drain wiring 3276 are
provided to be electrically connected to the source electrode
127a and the drain electrode 1275 as lead wirings of the
source electrode 127a and the drain electrode 1275.
<Method for Manufacturing Transistor>

Next, a method for manufacturing the transistor 400 is
described with reference to drawings.

First, the substrate 101 is prepared, the base insulating
film 103 is formed over the substrate 101, and the source
electrode 1274 and the drain electrode 1275 are formed over
the base insulating film 103 (see FIG. 14A).

A substrate selected from those given in Embodiment 1
can be used as the substrate 101, and the base insulating film
103 can be formed using any of the materials and methods
described in Embodiment 1.

The source electrode 1274 and the drain electrode 1275
are formed using any of the materials and methods described
in Embodiment 1 as appropriate.

The following steps are similar to those in the manufac-
turing process of the transistor 300. The oxide semiconduc-
tor film 105 is formed (see FIG. 14B); the insulating film 156
and the gate electrode 117 are formed and the dopant 159 is
injected into the oxide semiconductor film 105 with use of
the gate electrode 117 as a mask to form the first region 132
and the pair of regions 1084 and 1085 (see FIG. 14C); the
insulating film 156 is processed into the gate insulating film
113 and the sidewall insulating film 119 is formed (see FIG.
14D); the dopant 159 is injected into the pair of regions 108a
and 1085 with use of the gate electrode 117 and the sidewall
insulating film 119 as masks to provide the oxide semicon-
ductor film 130 including the first region 132, the pair of
second regions 134a and 13454, and the pair of third regions
136a and 1365 (see FIG. 15A); the metal oxide film 121
having an insulating property is formed (see FIG. 15B); the
interlayer insulating film 123 is formed and the openings
125a and 1255 are formed (see FIG. 15C); and the source
wiring 327a and the drain wiring 3275 are formed in the
openings 125a and 1255; whereby the transistor 400 can be
manufactured (see FIG. 13B).
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Heat treatment can be performed as appropriate as in
Embodiment 1. For example, heat treatment is preferably
performed after the oxide semiconductor film is processed
into the oxide semiconductor film 105 or at least after the
metal oxide film 121 having an insulating property is
formed. By the heat treatment, the oxide semiconductor film
is dehydrogenated or dehydrated and oxygen vacancies in
the oxide semiconductor film can be filled, so that the
manufactured transistor 400 can have favorable electric
characteristics.

As described above, one embodiment of the present
invention can provide a high-performance semiconductor
device having favorable electric characteristics.

Note that the structures, methods, and the like described
in this embodiment can be used as appropriate in combina-
tion with any of the structures, methods, and the like
described in the other embodiments and example.

Embodiment 5

In this embodiment, a transistor having a structure which
is partly different from those of the transistors described in
the above embodiments will be described. Note that also in
this embodiment, the drawings (including reference numer-
als and hatching patterns) and descriptions in the above
embodiments are used as appropriate, and points described
in the above embodiments are not repeated in some cases.
<Structure Example of Transistor>

FIGS. 16A and 16B are a top view and a cross-sectional
view which illustrate a transistor 500. FIG. 16A is a top view
of the transistor 500, and FIG. 16B is a cross-sectional view
taken along dashed-dotted line C-D in FIG. 16A. Note that
in FIG. 16A, some components of the transistor 500 (e.g., a
substrate 501 and a gate insulating film 505) are omitted for
simplicity.

According to FIGS. 16A and 16B, in the transistor 500, a
gate electrode 503 is provided over the substrate 501, the
gate insulating film 505 is provided over the substrate 501
and the gate electrode 503, an oxide semiconductor film 507
is provided over the gate insulating film 505, a source
electrode 509a and a drain electrode 5095 are provided over
the gate insulating film 505 and the oxide semiconductor
film 507, a protective insulating film 511 is provided over
the oxide semiconductor film 507, the source electrode
509q, and the drain electrode 5095, and an interlayer insu-
lating film 513 is provided over the protective insulating film
511. Note that a base insulating film may be provided
between the substrate 501 and the gate electrode 503.

The oxide semiconductor film 507 is provided so as to
overlap with the gate electrode 503 with the gate insulating
film 505 therebetween. A region overlapping with the gate
electrode 503 in the oxide semiconductor film 507 serves as
a channel formation region. Accordingly, the gate electrode
503 is in contact with the bottom surface of the gate
insulating film 505 (i.e., provided below the gate insulating
film 505), which means that the transistor 500 is a bottom-
gate transistor. In the transistor 500, the source electrode
509q and the drain electrode 5095 are provided so as to
cover part of the oxide semiconductor film 507.

The gate electrode 503 also serves as a gate wiring. The
source electrode 509a also serves as a source wiring. The
drain electrode 5095 also serves as a drain wiring.

Details of the substrate 501 of the transistor 500 are
similar to those of the substrate 101 of the transistor
described in the above embodiment. Similarly, details of the
gate electrode 503 are similar to those of the gate electrode
117. Details of the gate insulating film 505 are similar to
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those of the gate insulating film 113 and the insulating film
156. Details of the oxide semiconductor film 507 are similar
to those of the oxide semiconductor film 105. Details of the
source electrode 5094 and the drain electrode 5095 are
similar to those of the source electrode 1274 and the drain
electrode 1275.

The protective insulating film 511 is preferably an insu-
lating film having an effect of supplying part of its oxygen
to the oxide semiconductor film by being heated to fill the
oxygen vacancies in the oxide semiconductor film, and thus
is preferably an insulating film containing oxygen.

For example, one insulating film selected from an oxide
insulating film of silicon oxide, gallium oxide, aluminum
oxide, or the like, an oxynitride insulating film of silicon
oxynitride, aluminum oxynitride, or the like, and a nitride
oxide insulating film of silicon nitride oxide or the like, or
a stack of any of these films can be used as the protective
insulating film 511. It is preferable to use an insulating film
which releases part of its oxygen by being heated in a
manufacturing process of the transistor 500, particularly an
oxide insulating film, an oxynitride insulating film, or a
nitride oxide insulating film which contains silicon. The
protective insulating film 511 can be formed by a CVD
method, a sputtering method, an MBE method, a PLD
method, or the like.

Details of the interlayer insulating film 513 are similar to
those of the interlayer insulating film 123 of the transistor
described in the above embodiment.
<Method for Manufacturing Transistor>

Next, a method for manufacturing the transistor 500 is
described with reference to drawings.

First, the substrate 501 is prepared, and the gate electrode
503 is formed over the substrate 501. In this embodiment, a
30 nm thick tantalum nitride film and a 200 nm thick
tungsten film are stacked over the substrate 501 in this order
by a sputtering method and subjected to a photolithography
step and an etching step, whereby the gate electrode 503 is
formed.

Next, the gate insulating film 505 is formed over the gate
electrode 503 (see FIG. 17A). In this embodiment, an
insulating film which releases part of its oxygen by being
heated, specifically, a 50 nm thick silicon oxynitride film
containing excess oxygen is formed as the gate insulating
film 505. In this manner, as in the transistors described in the
above embodiments, oxygen released by the heat treatment
in the manufacturing process of the transistor can be sup-
plied to the oxide semiconductor film to fill the oxygen
vacancies in the oxide semiconductor film (particularly in
the channel formation region). Accordingly, the manufac-
tured transistor 500 can have favorable electrical character-
istics.

Next, an oxide semiconductor film 506 is formed over the
gate insulating film 505 (see FIG. 17B). Similarly to the
oxide semiconductor film 154 described in the above
embodiment, the oxide semiconductor film 506 can be
formed by a sputtering method with bias power supplied to
the substrate side. In this embodiment, a 20 nm thick IGZO
film is formed as the oxide semiconductor film 506.

After that, a photolithography step and an etching step are
performed on the oxide semiconductor film 506, whereby
the oxide semiconductor film 507 is formed (see FIG. 17C).

Then, the source electrode 5094 and the drain electrode
5095 are formed over the gate insulating film 505 and part
of the oxide semiconductor film 507 (see FIG. 17D). In this
embodiment, similarly to the source electrode 127a and the
drain electrode 1276 described in the above embodiment,
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the source electrode 509a and the drain electrode 5095 are
formed by stacking titanium, aluminum, and titanium in this
order.

Next, the protective insulating film 511 is formed over
part of the oxide semiconductor film 507, the source elec-
trode 509a, and the drain electrode 50954. The protective
insulating film 511 may be formed using a material selected
from those given above. In this embodiment, a 30 nm thick
silicon oxynitride film is formed.

Then, the interlayer insulating film 513 is formed over the
protective insulating film 511 (see FIG. 16B). In this
embodiment, a 370 nm thick silicon oxynitride film is
formed.

In the method for manufacturing the transistor 500, heat
treatment is preferably performed at least after the formation
of the protective insulating film 511. The heat treatment is
performed at a temperature higher than or equal to 200° C.
and lower than or equal to 700° C., or higher than or equal
to 200° C. and lower than the strain point of the substrate
under an oxygen atmosphere, a nitrogen atmosphere,
reduced pressure, or the air (ultra-dry air).

In the method for manufacturing the transistor 500, the
protective insulating film 511 and the interlayer insulating
film 513 may be formed after heat treatment for removing
hydrogen from the oxide semiconductor film 507 and oxy-
gen plasma treatment for injecting oxygen ions into the
oxide semiconductor film 507 are performed in this order
after the source electrode 5094 and the drain electrode 5095
are formed. Instead of oxygen plasma treatment, an ion
implantation method, an ion doping method, or heat treat-
ment in an oxygen atmosphere may be employed for the
injection of oxygen ions into the oxide semiconductor film
507. Further, in the method for manufacturing the transistor
500, oxygen ions may be injected into the oxide semicon-
ductor film 507 by any of the above methods between the
formation of the protective insulating film 511 and the
formation of the interlayer insulating film 513.

Through these steps, the transistor 500 can be manufac-
tured.

Note that a channel-stop transistor can be manufactured
by forming a channel protective film before the formation of
the source electrode 509a and the drain electrode 5095.
Similarly to the gate insulating film 505 and the protective
insulating film 511, the channel protective film, which is in
contact with the oxide semiconductor film 507, is preferably
an oxide insulating film.

As described above, a bottom-gate transistor can also be
manufactured using an oxide semiconductor film in which
charge due to hydrogen and oxygen vacancies is reduced. In
other words, also in a bottom-gate transistor, a shift of the
threshold voltage in the negative direction can be suppressed
and off-state current can be reduced. Consequently, one
embodiment of the present invention can provide a high-
performance semiconductor device having favorable electric
characteristics.

Embodiment 6

An oxide semiconductor film may be in a non-single-
crystal state, for example. The non-single-crystal state is, for
example, structured by at least one of c-axis aligned crystal
(CAAQ), polycrystal, microcrystal, and an amorphous part.
The density of defect states of an amorphous part is higher
than those of microcrystal and CAAC. The density of defect
states of microcrystal is higher than that of CAAC. Note that
an oxide semiconductor including CAAC is referred to as a
CAAC-OS (c-axis aligned crystalline oxide semiconductor).
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For example, an oxide semiconductor film may include a
CAAC-0OS. In the CAAC-OS, for example, c-axes are
aligned, and a-axes and/or b-axes are not macroscopically
aligned.

For example, an oxide semiconductor film may include
microcrystal. Note that an oxide semiconductor including
microcrystal is referred to as a microcrystalline oxide semi-
conductor. A microcrystalline oxide semiconductor film
includes microcrystal (also referred to as nanocrystal) with
a size greater than or equal to 1 nm and less than 10 nm, for
example. Alternatively, a microcrystalline oxide semicon-
ductor film, for example, includes a crystal-amorphous
mixed phase structure where crystal parts (each of which is
greater than or equal to 1 nm and less than 10 nm) are
distributed.

For example, an oxide semiconductor film may include an
amorphous part. Note that an oxide semiconductor including
an amorphous part is referred to as an amorphous oxide
semiconductor. An amorphous oxide semiconductor film,
for example, has disordered atomic arrangement and no
crystalline component. Alternatively, an amorphous oxide
semiconductor film is, for example, absolutely amorphous
and has no crystal part.

Note that an oxide semiconductor film may be a mixed
film including any of a CAAC-OS, a microcrystalline oxide
semiconductor, and an amorphous oxide semiconductor. The
mixed film, for example, includes a region of an amorphous
oxide semiconductor, a region of a microcrystalline oxide
semiconductor, and a region of a CAAC-OS. Further, the
mixed film may have a stacked structure including a region
of an amorphous oxide semiconductor, a region of a micro-
crystalline oxide semiconductor, and a region of a CAAC-
OS, for example.

Note that an oxide semiconductor film may be in a
single-crystal state, for example.

An oxide semiconductor film preferably includes a plu-
rality of crystal parts. In each of the crystal parts, a c-axis is
preferably aligned in a direction parallel to a normal vector
of a surface where the oxide semiconductor film is formed
or a normal vector of a surface of the oxide semiconductor
film. Note that, among crystal parts, the directions of the
a-axis and the b-axis of one crystal part may be different
from those of another crystal part. An example of such an
oxide semiconductor film is a CAAC-OS film.

The CAAC-OS film is not absolutely amorphous. The
CAAC-OS film, for example, includes an oxide semicon-
ductor with a crystal-amorphous mixed phase structure
where crystal parts and amorphous parts are intermingled.
Note that in most cases, the crystal part fits inside a cube
whose one side is less than 100 nm In an image obtained
with a transmission electron microscope (TEM), a boundary
between an amorphous part and a crystal part and a bound-
ary between crystal parts in the CAAC-OS film are not
clearly detected. Further, with the TEM, a grain boundary in
the CAAC-OS film is not clearly found. Thus, in the
CAAC-OS film, a reduction in electron mobility due to the
grain boundary is suppressed.

In each of the crystal parts included in the CAAC-OS
film, for example, a c-axis is aligned in a direction parallel
to a normal vector of a surface where the CAAC-OS film is
formed or a normal vector of a surface of the CAAC-OS
film. Further, in each of the crystal parts, metal atoms are
arranged in a triangular or hexagonal configuration when
seen from the direction perpendicular to the a-b plane, and
metal atoms are arranged in a layered manner or metal atoms
and oxygen atoms are arranged in a layered manner when
seen from the direction perpendicular to the c-axis. Note
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that, among crystal parts, the directions of the a-axis and the
b-axis of one crystal part may be different from those of
another crystal part. In this specification, a term “perpen-
dicular” includes a range from 80° to 100°, preferably from
85° to 95°. In addition, a term “parallel” includes a range
from -10° to 10°, preferably from -5° to 5°.

In the CAAC-OS film, distribution of crystal parts is not
necessarily uniform. For example, in the formation process
of the CAAC-OS film, in the case where crystal growth
occurs from a surface side of the oxide semiconductor film,
the proportion of crystal parts in the vicinity of the surface
of the oxide semiconductor film is higher than that in the
vicinity of the surface where the oxide semiconductor film
is formed in some cases. Further, when an impurity is added
to the CAAC-OS film, the crystal part in a region to which
the impurity is added becomes amorphous in some cases.

Since the c-axes of the crystal parts included in the
CAAC-OS film are aligned in the direction parallel to a
normal vector of a surface where the CAAC-OS film is
formed or a normal vector of a surface of the CAAC-OS
film, the directions of the c-axes may be different from each
other depending on the shape of the CAAC-OS film (the
cross-sectional shape of the surface where the CAAC-OS
film is formed or the cross-sectional shape of the surface of
the CAAC-OS film). Note that the film deposition is accom-
panied with the formation of the crystal parts or followed by
the formation of the crystal parts through crystallization
treatment such as heat treatment. Hence, the c-axes of the
crystal parts are aligned in the direction parallel to a normal
vector of the surface where the CAAC-OS film is formed or
a normal vector of the surface of the CAAC-OS film.

In a transistor using the CAAC-OS film, change in electric
characteristics due to irradiation with visible light or ultra-
violet light is small. Thus, the transistor has high reliability.

Note that part of oxygen included in the oxide semicon-
ductor film may be substituted with nitrogen.

In the case where a CAAC-OS film is used as the oxide
semiconductor film used in any of the transistors described
in the above embodiments, when the surface planarity of the
oxide semiconductor film is enhanced, the transistor can
have higher field-effect mobility than a transistor in which an
amorphous oxide semiconductor film is used. In order to
enhance the surface planarity of the oxide semiconductor
film, the oxide semiconductor film is preferably formed over
a flat surface. Specifically, the oxide semiconductor film is
preferably formed over a surface with an average surface
roughness (R ) less than or equal to 0.15 nm, preferably less
than or equal to 0.1 nm.

For example, in the transistors 100, 200, 300, and 400,
polishing treatment (e.g., chemical mechanical polishing
(CMP)), dry-etching treatment, or plasma treatment is pref-
erably performed before the formation of the oxide semi-
conductor film 154 so that a surface of the base insulating
film 103 has an average surface roughness (R ) in the above
range. In the transistor 500, polishing treatment, dry-etching
treatment, or plasma treatment is preferably performed so
that a surface of the gate insulating film 505 has an average
surface roughness (R,) in the above range.

As plasma treatment, for example, reverse sputtering in
which an argon gas is introduced and plasma is generated
can be performed. The reverse sputtering is a method in
which voltage is applied to a substrate side with use of an RF
power source in an argon atmosphere and plasma is gener-
ated in the vicinity of the substrate so that a substrate surface
is modified. Note that instead of an argon atmosphere, a
nitrogen atmosphere, a helium atmosphere, an oxygen atmo-
sphere, or the like may be used. The reverse sputtering can
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remove particle substances (also referred to as particles or
dust) attached to the surface of the base insulating film 103
or the surface of the gate insulating film 505.

As the planarization treatment, polishing treatment, dry
etching treatment, or plasma treatment may be performed
plural times, or these treatments may be performed in
combination. In the case where the treatments are performed
in combination, the order of steps is not particularly limited
and may be set as appropriate depending on the roughness
of the surface of the base insulating film 103 or the surface
of the gate insulating film 505.

Note that R, is obtained by expanding, into three dimen-
sions, arithmetic mean surface roughness that is defined by
JIS B 0601: 2001 (ISO4287:1997) so as to be able to apply
it to a curved surface. R, can be expressed as an “average
value of the absolute values of deviations from a reference
surface to a specific surface” and is defined by the following
formula.

1 2 =
Ra= o [ [Cire -zlaray
0 Jyl Jal

Here, the specific surface is a surface which is a target of
roughness measurement, and is a quadrilateral region which
is specified by four points represented by the coordinates
Xy, ¥1s 1y, Y1), (R, Yoo X0, ¥2)): (Xo, ¥y, (X0, y1)), and
(X5, V2, f(X5, ¥5)). So represents the area of a rectangle which
is obtained by projecting the specific surface on the xy plane,
and Z, represents the height of the reference surface (the
average height of the specific surface). R, can be measured
using an atomic force microscope (AFM).

There are three methods for obtaining a CAAC-OS film,
for example. The first method is to form an oxide semicon-
ductor film with the temperature set higher than or equal to
200° C. and lower than or equal to 500° C. The second
method is to form a thin oxide semiconductor film and then
perform heat treatment at a temperature higher than or equal
to 200° C. and lower than or equal to 700° C. The third
method is to form a thin oxide semiconductor film first,
perform heat treatment at a temperature higher than or equal
to 200° C. and lower than or equal to 700° C., and form an
oxide semiconductor film over the thin oxide semiconductor
film, thereby obtaining a CAAC-OS film. Since the substrate
support 205 in the sputtering apparatuses illustrated in FIGS.
2A and 2B is provided with a heater, the CAAC-OS film can
be formed by any of the above methods. Bias power is
supplied to the substrate side and the oxide semiconductor
film is formed by any of the above methods with self-bias
voltage controlled, and then heat treatment is performed,
whereby a CAAC-OS film in which hydrogen and oxygen
vacancies are reduced can be formed.

For example, when the oxide semiconductor film is
formed by any of the methods described in this embodiment
in the methods for manufacturing the transistors 100, 200,
300, and 400, the transistors 100, 200, 300, and 400 includ-
ing a CAAC-OS film in which hydrogen and oxygen vacan-
cies are reduced can be manufactured. Further, when the
oxide semiconductor film 506 is formed by any of the
methods described in this embodiment in the method for
manufacturing the transistor 500, the transistor 500 includ-
ing a CAAC-OS film in which hydrogen and oxygen vacan-
cies are reduced can be manufactured.

Consequently, a transistor having favorable electric char-
acteristics and excellent reliability can be manufactured.

[FORMULA 2]
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Note that the structures, methods, and the like described
in this embodiment can be used as appropriate in combina-
tion with any of the structures, methods, and the like
described in the other embodiments and example.

Embodiment 7

In this embodiment, a semiconductor device which is one
embodiment of the present invention will be described. Note
that a memory element (memory cell) is described in this
embodiment as an example of a semiconductor device, using
the reference numerals used in the above embodiments as
appropriate.

The semiconductor device includes a first transistor
formed using a single crystal semiconductor substrate, a
second transistor formed using a semiconductor film, and a
capacitor. The second transistor and the capacitor are pro-
vided above the first transistor with an insulating film
positioned therebetween.

Semiconductor materials and structures of the first tran-
sistor and the second transistor, which are stacked, may be
the same as or different from each other. Described here is
an example in which transistors with materials and struc-
tures suitable for a circuit of the semiconductor device are
used as the first transistor and the second transistor.

Any of the transistors described in the above embodi-
ments can be used as the second transistor. Note that the
layered structure and connection relations of the first tran-
sistor and the capacitor are changed as appropriate depend-
ing on the structure of the transistor used as the second
transistor. In this embodiment, an example in which the
transistor 400 is used as the second transistor is described.

FIGS. 18A to 18C illustrate an example of the structure of
the semiconductor device. FIG. 18A illustrates a cross
section of the semiconductor device, and FIG. 18B illus-
trates a plan view of the semiconductor device. FIG. 18A
corresponds to a cross section along line E1-E2 and line
F1-F2 in FIG. 18B. Note that in FIG. 18B, some components
of the semiconductor device (e.g., a substrate 601, an
insulating film 619, an insulating film 623, an insulating film
625, the base insulating film 103, the gate insulating film
113, and the sidewall insulating film 119) are omitted for
simplicity. “OS” in FIGS. 18A to 18C indicates that any of
the transistors described in the above embodiments can be
applied to the transistor denoted by “OS” in the semicon-
ductor device.

FIG. 18C illustrates an example of a circuit diagram of the
semiconductor device. The semiconductor device illustrated
in FIGS. 18A and 18B includes a transistor 600 including a
first semiconductor material in a lower portion, and the
transistor 400 including a second semiconductor material
and a capacitor 650 in an upper portion. Such materials and
structures are suitable for the semiconductor device. In this
embodiment, the first semiconductor material is a semicon-
ductor material other than an oxide semiconductor, and the
second semiconductor material is an oxide semiconductor.
As the semiconductor material other than an oxide semi-
conductor, for example, silicon, germanium, silicon germa-
nium, silicon carbide, gallium arsenide, or the like can be
used, and a single crystal semiconductor is preferably used.
A transistor including such a semiconductor material can
operate at sufficiently high speed. Alternatively, an organic
semiconductor material or the like may be used as the
semiconductor material other than an oxide semiconductor.
A transistor including an oxide semiconductor enables
charge to be held for a long time owing to its characteristics.
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A method for manufacturing the semiconductor device in
FIGS. 18A to 18C is described with reference to FIGS. 18A
to 18C.

The transistor 600 includes a channel formation region
607 provided in the substrate 601 containing a semiconduc-
tor material (e.g., silicon), impurity regions 602a and 6026
provided so that the channel formation region 607 is pro-
vided therebetween, intermetallic compound regions 603a
and 6035 in contact with the impurity regions 602a and
6024, a gate insulating film 605 provided over the channel
formation region 607, and a gate electrode 617 provided
over the gate insulating film 605.

As the substrate 601 containing a semiconductor material,
a single crystal semiconductor substrate or a polycrystalline
semiconductor substrate of silicon, silicon carbide, or the
like; a compound semiconductor substrate of silicon germa-
nium or the like; an SOI substrate; or the like can be used.
Note that although the term “SOI substrate” generally means
a substrate in which a silicon semiconductor film is provided
over an insulating surface, the term “SOI substrate” in this
specification and the like also includes a substrate in which
a semiconductor film formed using a material other than
silicon is provided over an insulating surface. That is, a
semiconductor film included in the “SOI substrate” is not
limited to a silicon semiconductor film. Moreover, the SOI
substrate can be a substrate in which a semiconductor film
is provided over an insulating substrate such as a glass
substrate with an insulating film positioned therebetween.

As a method for forming the SOI substrate, any of the
following methods can be used: a method in which oxygen
ions are implanted into a mirror-polished wafer and then
heating is performed at a high temperature, whereby an
oxide layer is formed at a certain depth from a surface of the
wafer and a defect caused in the surface layer is eliminated;
a method in which a semiconductor substrate is separated by
utilizing the growth of microvoids, which are formed by
hydrogen ion irradiation, by heat treatment; a method in
which a single crystal semiconductor film is formed over an
insulating surface by crystal growth; and the like.

For example, ions are added through one surface of a
single crystal semiconductor substrate, an embrittlement
layer is formed at a certain depth from the one surface of the
single crystal semiconductor substrate, and an insulating
film is formed on the one surface of the single crystal
semiconductor substrate or over an element substrate. Heat
treatment is performed in a state where the single crystal
semiconductor substrate and the element substrate are
bonded to each other with the insulating film interposed
therebetween, so that a crack is generated in the embrittle-
ment layer and the single crystal semiconductor substrate is
separated along the embrittlement layer. Thus, a single
crystal semiconductor film, which is separated from the
single crystal semiconductor substrate, is formed as a semi-
conductor film over the element substrate. An SOI substrate
formed by the above method can also be favorably used.

Over the substrate 601, an element isolation insulating
film 606 is provided so as to surround the transistor 600 (see
FIG. 18B). Note that for high integration, it is preferable that
the transistor 600 not be provided with a sidewall insulating
film. On the other hand, when the electric characteristics of
the transistor 600 have priority, a sidewall insulating film
may be formed on a side surface of the gate electrode 617
so that the impurity regions include regions having different
impurity concentrations.

The transistor 600 including a single crystal semiconduc-
tor substrate can operate at high speed. Thus, when the
transistor 600 is used as a reading transistor, data can be read
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at a high speed. A plurality of insulating films is formed so
as to cover the transistor 600. As treatment prior to forma-
tion of the transistor 400 and the capacitor 650, CMP
treatment is performed on the plurality of insulating films,
whereby the insulating films 619, 623, and 625 that are
planarized are formed and, at the same time, the base
insulating film 103 functioning as a base insulating film of
the transistor 400 is formed and an upper surface of the gate
electrode 617 is exposed.

As each of the insulating films 619, 623, and 625,
typically, an inorganic insulating film such as a silicon oxide
film, a silicon oxynitride film, an aluminum oxide film, an
aluminum oxynitride film, a silicon nitride film, an alumi-
num nitride film, a silicon nitride oxide film, or an aluminum
nitride oxide film can be used. The insulating films 619, 623,
and 625 can be formed by a plasma CVD method, a
sputtering method, or the like.

Alternatively, an organic material such as polyimide, an
acrylic resin, or a benzocyclobutene-based resin can be used
for the insulating films 619, 623, and 625. Other than such
organic materials, it is also possible to use a low-dielectric
constant material (a low-k material) or the like. In the case
of using an organic material, the insulating films 619, 623,
and 625 may be formed by a wet method such as a spin
coating method or a printing method.

It is preferable that a silicon nitride film be used as the
insulating film 625 and subjected to heat treatment at a
temperature higher than or equal to 450° C. and lower than
or equal to 650° C. in a nitrogen atmosphere. In this manner,
hydrogen contained in the silicon nitride film can be sup-
plied to the transistor 600 to hydrogenate the semiconductor
material of the transistor 600. In addition, the silicon nitride
film used as the insulating film 625 can prevent entry of
hydrogen contained in the transistor 600 and the insulating
films 619 and 623 in a manufacturing process of the tran-
sistor 400 and the capacitor 650.

In this embodiment, a 50 nm thick silicon oxynitride film
is formed as the insulating film 619 by a CVD method, a 550
nm thick silicon oxide film is formed as the insulating film
623 by a sputtering method, and a 50 nm thick silicon nitride
film is formed as the insulating film 625 by a CVD method.

The transistor 400 and the capacitor 650 are formed over
the insulating film 625. The transistor 400 can be manufac-
tured in accordance with the description in the above
embodiment (see FIGS. 13A and 13B, FIGS. 14A to 14D,
and FIGS. 15A to 15C).

In the semiconductor device of this embodiment, the
capacitor 650 is manufactured by utilizing the manufactur-
ing process of the transistor 400; thus, the capacitor 650 can
be formed on the same plane as the transistor 400. Accord-
ingly, additional steps for manufacturing the capacitor 650
can be omitted, which leads to an improvement in produc-
tivity and a reduction in manufacturing cost of the semicon-
ductor device.

In the capacitor 650, the source electrode 127a of the
transistor 400 is used as one electrode, the gate insulating
film 113 of the transistor 400 is used as a dielectric, and the
gate electrode 117 of the transistor 400 is used as the other
electrode. Note that in the case where the sidewall insulating
film 119 of the transistor 400 is formed in a self-aligned
manner, an insulating film similar to the sidewall insulating
film 119 of the transistor 400 is formed on the other
electrode of the capacitor 650.

With the oxide semiconductor film 130, which includes
the pair of second regions 134a and 134b and the pair of
third regions 1364 and 1365 having lower resistance than the
first region 132 functioning as a channel formation region
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with the first region 132 provided in the channel length
direction between those pair of regions, the on-state char-
acteristics (e.g., on-state current and field-effect mobility) of
the transistor 400 are increased, which enables high-speed
operation and high-speed response of the transistor 400.

In addition, the pair of second regions 134a and 1345 and
the pair of third regions 1364 and 1365 can reduce the
electric field applied to the first region 132 (the channel
formation region). The pair of third regions 1364 and 1365
functions as a source region and a drain region. The pair of
third regions 136a and 1365 has the lowest resistance in the
oxide semiconductor film 130; thus, the contact resistance
with the source electrode 1274 and the drain electrode 1275
can be reduced. Accordingly, the transistor 400 can achieve
excellent on-state characteristics (e.g., high on-state current
and high field-effect mobility), high-speed operation, and
high-speed response.

Further, the transistor 400 and the capacitor 650 include
the metal oxide film 121 having an insulating property,
which prevents penetration of impurities such as hydrogen
and moisture contained in the external air, and thus have
excellent reliability. Accordingly, the semiconductor device
of this embodiment has excellent reliability.

A wiring 627 may be formed in a manner similar to those
of the source wiring 327a and the drain wiring 3275 of the
transistor 400. For example, an opening reaching the drain
electrode 1275 is formed in the metal oxide film 121 having
an insulating property and the interlayer insulating film 123,
and the wiring 627 is formed in the opening in a manner
similar to those of the source wiring 327a and the drain
wiring 3275 of the transistor 400.

Through the above process, the semiconductor device
including the transistor 600, the transistor 400, and the
capacitor 650 can be manufactured. The transistor 400 is a
transistor including the oxide semiconductor film 130 which
is highly purified and whose oxygen vacancies are filled.
Thus, a change in the electric characteristics of the transistor
400 is suppressed.

In the capacitor 650, sufficient insulation is secured by the
gate insulating film 113. For example, in order to secure
sufficient capacitance, the gate insulating film 113 is pref-
erably made thinner in the capacitor 650. In the case where
a capacitor is not needed, a structure without the capacitor
650 can also be employed for the semiconductor device of
this embodiment.

FIG. 18C is an example of a diagram of a circuit including
the semiconductor device as a memory cell. In FIG. 18C,
one of a source electrode and a drain electrode of the
transistor 400, one electrode of the capacitor 650, and the
gate electrode of the transistor 600 are electrically connected
to one another. A first wiring (1st Line, also referred to as a
source line) is electrically connected to a source electrode of
the transistor 600. A second wiring (2nd Line, also referred
to as a bit line) is electrically connected to a drain electrode
of the transistor 600. A third wiring (3rd line, also referred
to as a first signal line) is electrically connected to the other
of the source electrode and the drain electrode of the
transistor 400. A fourth wiring (4th line, also referred to as
a second signal line) is electrically connected to the gate
electrode of the transistor 400. A fifth wiring (5th Line, also
referred to as a word line) is electrically connected to the
other electrode of the capacitor 650.

The transistor 400 including an oxide semiconductor has
an extremely low off-state current; therefore, when the
transistor 400 is in an off state, the potential of a node
(hereinafter, a node FG) where the one of the source
electrode and the drain electrode of the transistor 400, the
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one electrode of the capacitor 650, and the gate electrode of
the transistor 600 are electrically connected to one another
can be held for an extremely long time. The capacitor 650
facilitates holding of charge given to the node FG and
reading of the held data.

When data is stored in the semiconductor device (writ-
ing), first, the potential of the fourth wiring is set to a
potential at which the transistor 400 is turned on, whereby
the transistor 400 is turned on. Thus, the potential of the
third wiring is supplied to the node FG and a predetermined
amount of charge is accumulated in the node FG Here,
charge for supplying either of two different potential levels
(hereinafter referred to as low-level charge and high-level
charge) is given. After that, the potential of the fourth wiring
is set to a potential at which the transistor 400 is turned off,
whereby the transistor 400 is turned off. This makes the node
FG floating and the predetermined amount of charge is held
in the node FG The predetermined amount of charge is thus
accumulated and held in the node FG, whereby the memory
cell can store data.

Since the off-state current of the transistor 400 is
extremely small, the charge supplied to the node FG is held
for a long time. This can remove the need of refresh
operation or drastically reduce the frequency of the refresh
operations, which leads to a sufficient reduction in power
consumption. Moreover, stored data can be held for a long
time even when power is not supplied.

When stored data is read out (reading), an appropriate
potential (reading potential) is supplied to the fifth wiring
while a predetermined potential (fixed potential) is supplied
to the first wiring, whereby the transistor 600 changes its
state depending on the amount of charge held in the node FG
This is because in general, when the transistor 600 is an
n-channel transistor, an apparent threshold value V, ., of
the transistor 600 in the case where the high-level charge is
held in the node FG is lower than an apparent threshold
value V,, , of the transistor 600 in the case where the
low-level charge is held in the node FG Here, an apparent
threshold value refers to a potential of the fifth wiring, which
is needed to turn on the transistor 600. Thus, by setting the
potential of the fifth wiring to a potential V, which is
between V,, yandV,, ;, charge held in the node FG can be
determined. For example, in the case where the high-level
charge is given in writing, when the potential of the fifth
wiring is set to V,, (>V,, ), the transistor 600 is turned on.
In the case where the low-level charge is given in writing,
even when the potential of the fifth wiring is set to V,
(<V,, 1), the transistor 600 remains in an off state. In such
a manner, by controlling the potential of the fifth wiring and
determining whether the transistor 600 is in an on state or off
state (reading out the potential of the second wiring), stored
data can be read out.

Further, in order to rewrite stored data, a new potential is
supplied to the node FG that is holding the predetermined
amount of charge given in the above writing, so that the
charge for new data is held in the node FG Specifically, the
potential of the fourth wiring is set to a potential at which the
transistor 400 is turned on, whereby the transistor 400 is
turned on. Thus, the potential of the third wiring (potential
for new data) is supplied to the node FG, and the predeter-
mined amount of charge is accumulated in the node FG After
that, the potential of the fourth wiring is set to a potential at
which the transistor 400 is turned off, whereby the transistor
400 is turned off. Thus, charge for the new data is held in the
node FG In other words, while the predetermined amount of
charge given in the first writing is held in the node FG, the
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same operation (second writing) as in the first writing is
performed, whereby the stored data can be overwritten.

The off-state current of the transistor 400 described in this
embodiment can be sufficiently reduced by using the oxide
semiconductor film 130 which is highly purified and whose
oxygen vacancies are filled. Further, with the use of such a
transistor, a semiconductor device in which stored data can
be held for an extremely long time even when power is not
supplied can be provided.

As described above, a high-performance semiconductor
device can be provided by using any of the transistors
described in the above embodiments.

Note that the structures, methods, and the like described
in this embodiment can be used as appropriate in combina-
tion with any of the structures, methods, and the like
described in the other embodiments and example.

Embodiment 8

In this embodiment, application examples of the semi-
conductor device described in Embodiment 7 will be
described with reference to FIGS. 19A and 19B.

FIGS. 19A and 19B are circuit diagrams of semiconductor
devices each including a plurality of memory elements
(hereinafter also referred to as memory cells 660) illustrated
in FIGS. 18A to 18C. FIG. 19A is a circuit diagram of a
so-called NAND semiconductor device in which the
memory cells 660 are connected in series, and FIG. 19B is
a circuit diagram of a so-called NOR semiconductor device
in which the memory cells 660 are connected in parallel.

The semiconductor device illustrated in FIG. 19A
includes a source line SL, a bit line BL, a first signal line S1,
a plurality of second signal lines S2, a plurality of word lines
WL, and the plurality of memory cells 660. In FIG. 19A, one
source line SL. and one bit line BL are provided in the
semiconductor device; however, one embodiment of the
present invention is not limited to this structure. A plurality
of source lines SL and a plurality of bit lines BL. may be
provided.

In each of the memory cells 660, the gate electrode of the
transistor 600, one of a source electrode and a drain elec-
trode of the transistor 400, and one electrode of the capacitor
650 are electrically connected to one another. The first signal
line S1 and the other of the source electrode and the drain
electrode of the transistor 400 are electrically connected to
each other, and the second signal line S2 and the gate
electrode of the transistor 400 are electrically connected to
each other. The word line WL and the other electrode of the
capacitor 650 are electrically connected to each other.

Further, the source electrode of the transistor 600 included
in the memory cell 660 is electrically connected to the drain
electrode of the transistor 600 in the adjacent memory cell
660. The drain electrode of the transistor 600 included in the
memory cell 660 is electrically connected to the source
electrode of the transistor 600 in the adjacent memory cell
660. Note that the drain electrode of the transistor 600
included in the memory cell 660 of the plurality of memory
cells connected in series, which is provided at one end, is
electrically connected to the bit line. In addition, the source
electrode of the transistor 600 included in the memory cell
660 of the plurality of memory cells connected in series,
which is provided at the other end, is electrically connected
to the source line.

In the semiconductor device in FIG. 19A, writing opera-
tion and reading operation are performed for each row. The
writing operation is performed as follows. A potential at
which the transistor 400 is turned on is supplied to the
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second signal line S2 of a row where writing is to be
performed, so that the transistor 400 of the row where
writing is to be performed is turned on. Accordingly, the
potential of the first signal line S1 is supplied to the gate
electrode of the transistor 600 of the specified row, so that
predetermined charge is given to the gate electrode. Thus,
data can be written into the memory cell of the specified row.

Further, the reading operation is performed as follows.
First, a potential at which the transistor 600 is turned on
regardless of charge given to the gate electrode of the
transistor 600 is supplied to the word lines WL of rows other
than a row where reading is to be performed, so that the
transistors 600 of the rows other than the row where reading
is to be performed are turned on. Then, a potential (reading
potential) at which an on state or an off state of the transistor
600 is determined depending on charge in the gate electrode
of the transistor 600 is supplied to the word line WL of the
row where reading is to be performed. After that, a constant
potential is supplied to the source line SL, and a reading
circuit (not illustrated) connected to the bit line BL is
operated. Here, the plurality of transistors 600 between the
source line SL and the bit line BL are in an on state except
the transistor 600 of the row where reading is to be per-
formed; therefore, conductance between the source line SL
and the bit line BL is determined by the state (an on state or
an off state) of the transistor 600 of the row where reading
is to be performed. The conductance of the transistor 600 of
the row where reading is to be performed depends on charge
in the gate electrode thereof. Thus, the potential of the bit
line BL varies accordingly. By reading the potential of the
bit line with the reading circuit, data can be read out from the
memory cell of the specified row.

The semiconductor device illustrated in FIG. 19B
includes a plurality of source lines SL, a plurality of bit lines
BL, a plurality of first signal lines S1, a plurality of second
signal lines S2, a plurality of word lines WL, and the
plurality of memory cells 660. The gate electrode of the
transistor 600, one of a source electrode and a drain elec-
trode of the transistor 400, and one electrode of the capacitor
650 are electrically connected to one another. The source
line SL and the source electrode of the transistor 600 are
electrically connected to each other. The bit line BL and the
drain electrode of the transistor 600 are electrically con-
nected to each other. The first signal line S1 and the other of
the source electrode and the drain electrode of the transistor
400 are electrically connected to each other, and the second
signal line S2 and the gate electrode of the transistor 400 are
electrically connected to each other. The word line WL and
the other electrode of the capacitor 650 are electrically
connected to each other.

In the semiconductor device in FIG. 19B, writing opera-
tion and reading operation are performed for each row. The
writing operation is performed in a manner similar to that of
the semiconductor device in FIG. 19A. The reading opera-
tion is performed as follows. First, a potential at which the
transistor 600 is turned off regardless of charge given to the
gate electrode of the transistor 600 is supplied to the word
lines WL of rows other than a row where reading is to be
performed, so that the transistors 600 of the rows other than
the row where reading is to be performed are turned off.
Then, a potential (reading potential) at which an on state or
an off state of the transistor 600 is determined depending on
charge in the gate electrode of the transistor 600 is supplied
to the word line WL of the row where reading is to be
performed. After that, a constant potential is supplied to the
source line SL, and a reading circuit (not illustrated) con-
nected to the bit line BL is operated. Here, conductance
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between the source lines SL and the bit lines BL is deter-
mined by the state (an on state or an off state) of the
transistors 600 of the row where reading is to be performed.
That is, the potential of the bit lines BL. varies depending on
charge in the gate electrodes of the transistors 600 of the row
where reading is to be performed. By reading the potential
of the bit lines with the reading circuit, data can be read out
from the memory cells of the specified row.

Although the amount of data which can be stored in each
of the memory cells 660 is one bit in the above description,
the structure of the memory device of this embodiment is not
limited thereto. The amount of data which can be stored in
each of the memory cells 660 may be increased by preparing
three or more potentials to be supplied to the gate electrode
of the transistor 600. For example, in the case where the
number of potentials to be supplied to the gate electrode of
the transistor 600 is four, data of two bits can be stored in
each of the memory cells.

Note that the structures, methods, and the like described
in this embodiment can be used as appropriate in combina-
tion with any of the structures, methods, and the like
described in the other embodiments and example.

Embodiment 9

In this embodiment, a semiconductor device to which the
transistor described in any of the above embodiments is
applied will be described with reference to FIGS. 20A and
20B. Note that a memory element (memory cell) is
described as an example of a semiconductor device also in
this embodiment. The memory element has a structure
different from that in the above embodiment.

FIG. 20A is a circuit diagram illustrating a memory
element described in this embodiment.

The memory cell illustrated in FIG. 20A includes a bit line
BL, a word line WL, a sense amplifier SAmp, a transistor Tr,
and a capacitor C.

Note that it is known that the voltage held in the capacitor
C is gradually decreased with time as shown in FIG. 20B
owing to the off-state current of the transistor Tr. A voltage
originally charged from VO to V1 is decreased with time to
VA that is a limit for reading out data 1. This period is called
aholding period T_1. In the case of a two-level memory cell,
refresh operation needs to be performed within the holding
period T_1.

The transistor described in any of the above embodiments
includes an oxide semiconductor film which is highly puri-
fied and whose oxygen vacancies are filled, and thus has less
change in electric characteristics and sufficiently reduced
off-state current. Therefore, when the transistor described in
any of the above embodiments is used as the transistor Tr,
the holding period T_1 can be extended. That is, the inter-
vals between refresh operations can be extended; thus,
power consumption can be reduced. For example, in the case
where the memory cell described in this embodiment is
formed using a transistor that includes an oxide semicon-
ductor film and has an off-state current of 1x107>' A or
lower, preferably 1x107** A or lower, data can be held for
several days to several decades without supply of power.

Furthermore, since the transistor described in any of the
above embodiments has high on-state current and high
field-effect mobility, a memory cell capable of high-speed
operation and high-speed response can be manufactured.

As described above, a high-performance semiconductor
device can be provided by using any of the transistors
described in the above embodiments.
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Note that the structures, methods, and the like described
in this embodiment can be used as appropriate in combina-
tion with any of the structures, methods, and the like
described in the other embodiments and example.

Embodiment 10

In this embodiment, a semiconductor device to which the
transistor described in any of the above embodiments is
applied will be described with reference to FIGS. 21A and
21B.

FIG. 21A illustrates an example of a semiconductor
device whose structure corresponds to that of a so-called
dynamic random access memory (DRAM). A memory cell
array 1120 illustrated in FIG. 21A has a structure in which
a plurality of memory cells 1130 is arranged in a matrix.
Further, the memory cell array 1120 includes m first wirings
and n second wirings. Note that in this embodiment, the first
wiring and the second wiring are referred to as a word line
WL and a bit line BL, respectively.

The memory cell 1130 includes a transistor 1131 and a
capacitor 1132. A gate electrode of the transistor 1131 is
connected to the first wiring (the word line WL). Further,
one of a source electrode and a drain electrode of the
transistor 1131 is connected to the second wiring (the bit line
BL). The other of the source electrode and the drain elec-
trode of the transistor 1131 is connected to one electrode of
the capacitor. The other electrode of the capacitor is con-
nected to a capacitor line CL and is supplied with predeter-
mined potential. The transistor described in any of the above
embodiments is applied to the transistor 1131.

The transistor described in any of the above embodiments
includes an oxide semiconductor film which is highly puri-
fied and whose oxygen vacancies are filled, and thus has less
change in electric characteristics and sufficiently reduced
off-state current. With the use of such a transistor, the
semiconductor device in FIG. 21A, which is regarded as a
so-called DRAM, can be used as a substantially nonvolatile
memory.

FIG. 21B illustrates an example of a semiconductor
device whose structure corresponds to that of a so-called
static random access memory (SRAM). A memory cell array
1140 illustrated in FIG. 21B can have a structure in which
a plurality of memory cells 1150 is arranged in a matrix.
Further, the memory cell array 1140 includes a first wiring
(a word line WL), a second wiring (a bit line BL), a third
wiring (an inverted bit line BLB), a power supply line VDD,
and a ground potential line VSS.

The memory cell 1150 includes a first transistor 1151, a
second transistor 1152, a third transistor 1153, a fourth
transistor 1154, a fifth transistor 1155, and a sixth transistor
1156. The first transistor 1151 and the second transistor 1152
function as selection transistors. One of the third transistor
1153 and the fourth transistor 1154 is an n-channel transistor
(here, the fourth transistor 1154 is an n-channel transistor),
and the other of the third transistor 1153 and the fourth
transistor 1154 is a p-channel transistor (here, the third
transistor 1153 is a p-channel transistor). In other words, the
third transistor 1153 and the fourth transistor 1154 form a
CMOS circuit. Similarly, the fifth transistor 1155 and the
sixth transistor 1156 form a CMOS circuit.

The first transistor 1151, the second transistor 1152, the
fourth transistor 1154, and the sixth transistor 1156 are
n-channel transistors and the transistor described in any of
the above embodiments can be applied to these transistors.
Each of the third transistor 1153 and the fifth transistor 1155
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is a p-channel transistor in which a channel formation region
is formed using a material (e.g., single crystal silicon) other
than an oxide semiconductor.

Since the transistor described in any of the above embodi-
ments has high on-state current and high field-effect mobil-
ity, a semiconductor device capable of high-speed operation
and high-speed response can be manufactured.

As described above, a high-performance semiconductor
device can be provided by using any of the transistors
described in the above embodiments.

The structures, methods, and the like described in this
embodiment can be used as appropriate in combination with
any of the structures, methods, and the like described in the
other embodiments and example.

Embodiment 11

A central processing unit (CPU) can be formed using the
transistor described in any of the above embodiments for at
least part of the CPU.

FIG. 22A is a block diagram illustrating a specific con-
figuration of a CPU. The CPU illustrated in FIG. 22A
includes an arithmetic logic unit (ALU) 1191, an ALU
controller 1192, an instruction decoder 1193, an interrupt
controller 1194, a timing controller 1195, a register 1196, a
register controller 1197, a bus interface (Bus I/F) 1198, a
rewritable ROM 1199, and an ROM interface (ROM I/F)
1189 over a substrate 1190. A semiconductor substrate, an
SOI substrate, a glass substrate, or the like is used as the
substrate 1190. The ROM 1199 and the ROM I/F 1189 may
be provided over a separate chip. Obviously, the CPU
illustrated in FIG. 22A is just an example in which the
configuration has been simplified, and an actual CPU may
have various configurations depending on the application.

An instruction that is input to the CPU through the Bus I/F
1198 is input to the instruction decoder 1193 and decoded
therein, and then input to the ALU controller 1192, the
interrupt controller 1194, the register controller 1197, and
the timing controller 1195.

The ALU controller 1192, the interrupt controller 1194,
the register controller 1197, and the timing controller 1195
conduct various controls in accordance with the decoded
instruction. Specifically, the ALU controller 1192 generates
signals for controlling the operation of the ALLU 1191. While
the CPU is executing a program, the interrupt controller
1194 processes an interrupt request from an external input/
output device or a peripheral circuit on the basis of its
priority or a mask state. The register controller 1197 gener-
ates an address of the register 1196, and reads/writes data
from/to the register 1196 in accordance with the state of the
CPU.

The timing controller 1195 generates signals for control-
ling operation timings of the ALU 1191, the ALU controller
1192, the instruction decoder 1193, the interrupt controller
1194, and the register controller 1197. For example, the
timing controller 1195 includes an internal clock generator
for generating an internal clock signal CLK2 based on a
reference clock signal CLK1, and supplies the internal clock
signal CLLK2 to the above circuits.

In the CPU illustrated in FIG. 22A, a memory element is
provided in the register 1196. Any of the memory elements
described in the above embodiments can be used as the
memory element provided in the register 1196.

In the CPU illustrated in FIG. 22A, the register controller
1197 selects operation of holding data in the register 1196 in
accordance with an instruction from the ALU 1191. That is,
the register controller 1197 selects whether data is held by a
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logic element which inverts a logic (logic level) or a
capacitor in the memory element included in the register
1196. When data holding by the logic element which inverts
a logic (logic level) is selected, power supply voltage is
supplied to the memory element in the register 1196. When
data holding by the capacitor is selected, the data is rewritten
in the capacitor, and supply of power supply voltage to the
memory element in the register 1196 can be stopped.

A switching element provided between a memory element
group and a node to which a power supply potential Vdd or
a power supply potential Vss is supplied, as illustrated in
FIG. 22B or FIG. 22C, allows the power supply voltage to
be stopped. Circuits illustrated in FIGS. 22B and 22C are
described below.

FIGS. 22B and 22C each illustrate an example of a
configuration of a memory circuit including a transistor in
which a channel formation region is formed using an oxide
semiconductor as a switching element for controlling supply
of a power supply potential to a memory element.

The memory device illustrated in FIG. 22B includes a
switching element 1141 and a memory element group 1143
including a plurality of memory elements 1142. Specifically,
as each of the memory elements 1142, the memory element
described in the above embodiment can be used. Each of the
memory elements 1142 included in the memory element
group 1143 is supplied with the high-level power supply
potential Vdd through the switching element 1141. Further,
each of the memory elements 1142 included in the memory
element group 1143 is supplied with a potential of a signal
IN and the low-level power supply potential Vss.

In FIG. 22B, a transistor in which a channel formation
region is formed using an oxide semiconductor is used as the
switching element 1141, and the switching of the transistor
is controlled by a signal Sig A supplied to a gate electrode
thereof.

Note that FIG. 22B illustrates the configuration in which
the switching element 1141 includes only one transistor;
however, one embodiment of the present invention is not
limited thereto. The switching element 1141 may include a
plurality of transistors. In the case where the switching
element 1141 includes a plurality of transistors which serve
as switching elements, the plurality of transistors may be
connected to each other in parallel, in series, or in combi-
nation of parallel connection and series connection.

Although the switching element 1141 controls the supply
of the high-level power supply potential Vdd to each of the
memory elements 1142 included in the memory element
group 1143 in FIG. 22B, the switching element 1141 may
control the supply of the low-level power supply potential
Vss.

In FIG. 22C, an example of a memory device in which
each of the memory elements 1142 included in the memory
element group 1143 is supplied with the low-level power
supply potential Vss through the switching element 1141 is
illustrated. The supply of the low-level power supply poten-
tial Vs to each of the memory elements 1142 included in the
memory element group 1143 can be controlled by the
switching element 1141.

When a switching element is provided between a memory
element group and a node to which the power supply
potential Vdd or the power supply potential Vss is supplied,
data can be held even in the case where operation of a CPU
is temporarily stopped and the supply of the power supply
voltage is stopped; accordingly, power consumption can be
reduced. Specifically, for example, while a user of a personal
computer does not input data to an input device such as a
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keyboard, the operation of the CPU can be stopped, so that
the power consumption can be reduced.

Although the CPU is given as an example, the transistor
can also be applied to an LSI such as a digital signal
processor (DSP), a custom LSI, or a field programmable
gate array (FPGA).

The structures, methods, and the like described in this
embodiment can be used as appropriate in combination with
any of the structures, methods, and the like described in the
other embodiments and example.

Embodiment 12

In this embodiment, an example in which at least part of
a driver circuit and a transistor provided in a pixel portion
are formed over one substrate is described.

The transistor of the pixel portion is formed by the method
for manufacturing the transistor described in any of the
above embodiments. The transistor described in any of the
above embodiments can be easily formed as an n-channel
transistor, and thus part of a driver circuit that can be formed
using an n-channel transistor can be formed over the same
substrate as the transistor of the pixel portion.

The transistor described in any of the above embodiments
includes an oxide semiconductor film which is highly puri-
fied and whose oxygen vacancies are filled, and thus has less
change in electric characteristics and sufficiently reduced
off-state current. In addition, the transistor has high on-state
current and high field-effect mobility. Therefore, by using
the transistor described in any of the above embodiments for
the pixel portion or the driving circuit, a high-performance
display device with high reliability can be provided.

FIG. 23A illustrates an example of an active matrix
display device. A pixel portion 701, a first scan line driver
circuit 702, a second scan line driver circuit 703, and a signal
line driver circuit 704 are formed over a substrate 700 of the
display device. In the pixel portion 701, a plurality of signal
lines extended from the signal line driver circuit 704 is
arranged and a plurality of scan lines extended from the first
scan line driver circuit 702 and the second scan line driver
circuit 703 is arranged. Note that pixels which include
display elements are provided in a matrix in respective
regions where the scan lines and the signal lines intersect
with each other. The substrate 700 of the display device is
connected to a timing control circuit (also referred to as a
controller or a controller IC) through a connection portion
such as a flexible printed circuit (FPC).

In FIG. 23A, the first scan line driver circuit 702, the
second scan line driver circuit 703, and the signal line driver
circuit 704 are formed over the substrate 700 where the pixel
portion 701 is formed. Accordingly, the number of compo-
nents of a drive circuit which is provided outside and the like
is reduced, so that a reduction in cost can be achieved.
Further, if the driver circuit is provided outside the substrate
700, wirings would need to be extended and the number of
connections of wirings would be increased, but by providing
the driver circuit over the substrate 700, the number of
connections of the wirings can be reduced. Consequently, an
improvement in reliability or yield can be achieved.

FIG. 23B illustrates an example of a circuit configuration
of the pixel portion. Here, a pixel structure of a VA liquid
crystal display panel is shown.

In this pixel structure, a plurality of pixel electrodes is
provided in one pixel, and transistors are connected to the
respective pixel electrodes. The transistors are driven by
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different gate signals. In other words, signals applied to
individual pixel electrodes in a multi-domain pixel are
controlled independently.

A gate wiring 712 of a transistor 716 and a gate wiring 713
of a transistor 717 are separated so that different gate signals
can be supplied thereto. In contrast, a source or drain wiring
714 functioning as a data line is shared by the transistors 716
and 717. The transistor described in any of the above
embodiments can be used as appropriate as each of the
transistors 716 and 717. Thus, a high-performance liquid
crystal display panel can be provided.

A first pixel electrode electrically connected to the tran-
sistor 716 and a second pixel electrode electrically con-
nected to the transistor 717 have different shapes and are
separated by a slit. The second pixel electrode is provided so
as to surround the external side of the first pixel electrode
which is spread in a V shape. Timing of voltage application
is made to vary between the first and second pixel electrodes
by the transistors 716 and 717 in order to control alignment
of the liquid crystal. The transistor 716 is connected to the
gate wiring 712, and the transistor 717 is connected to the
gate wiring 713. When different gate signals are supplied to
the gate wiring 712 and the gate wiring 713, operation
timings of the transistor 716 and the transistor 717 can be
varied.

Further, a storage capacitor is formed using a capacitor
wiring 710, a gate insulating film functioning as a dielectric,
and a capacitor electrode electrically connected to the first
pixel electrode or the second pixel electrode.

The first pixel electrode, a liquid crystal layer, and a
counter electrode overlap with each other to form a first
liquid crystal element 718. The second pixel electrode, the
liquid crystal layer, and the counter electrode overlap with
each other to form a second liquid crystal element 719. The
pixel structure is a multi-domain structure in which the first
liquid crystal element 718 and the second liquid crystal
element 719 are provided in one pixel.

Note that a pixel structure of the present invention is not
limited to that shown in FIG. 23B. For example, a switch, a
resistor, a capacitor, a transistor, a sensor, a logic circuit, or
the like may be added to the pixel illustrated in FIG. 23B.

FIG. 23C illustrates an example of a circuit configuration
of'the pixel portion. Here, a pixel structure of a display panel
using an organic EL, element is shown.

In an organic EL element, by application of voltage to a
light-emitting element, electrons and holes are separately
injected from a pair of electrodes into a layer containing a
light-emitting organic compound, and current flows. The
carriers (electrons and holes) are recombined, and thus, the
light-emitting organic compound is excited. The light-emit-
ting organic compound returns to a ground state from the
excited state, thereby emitting light. Owing to such a mecha-
nism, this light-emitting element is referred to as a current-
excitation light-emitting element.

FIG. 23C illustrates an example of a pixel structure to
which digital time grayscale driving can be applied, as an
example of a semiconductor device.

A structure and operation of a pixel to which digital time
grayscale driving can be applied are described. Here, one
pixel includes two n-channel transistors each of which
includes an oxide semiconductor film.

A pixel 720 includes a switching transistor 721, a driver
transistor 722, a light-emitting element 724, and a capacitor
723. A gate electrode of the switching transistor 721 is
connected to a scan line 726, a first electrode (one of a
source electrode and a drain electrode) of the switching
transistor 721 is connected to a signal line 725, and a second
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electrode (the other of the source electrode and the drain
electrode) of the switching transistor 721 is connected to a
gate electrode of the driver transistor 722. The gate electrode
of the driver transistor 722 is connected to a power supply
line 727 through the capacitor 723, a first electrode of the
driver transistor 722 is connected to the power supply line
727, and a second electrode of the driver transistor 722 is
connected to a first electrode (a pixel electrode) of the
light-emitting element 724. A second electrode of the light-
emitting element 724 corresponds to a common electrode
728. The common electrode 728 is electrically connected to
a common potential line provided over the same substrate.

As the switching transistor 721 and the driver transistor
722, the transistor described in any of the above embodi-
ments can be used as appropriate. In this manner, a highly
reliable display panel including an organic EL element can
be provided.

The second electrode (the common electrode 728) of the
light-emitting element 724 is set to have a low power supply
potential. Note that the low power supply potential is a
potential which is lower than a high power supply potential
when the high power supply potential that is set to the power
supply line 727 is a reference. As the low power supply
potential, GND, 0 V, or the like may be employed, for
example. A potential difference between the high power
supply potential and the low power supply potential is
applied to the light-emitting element 724 and current is
supplied to the light-emitting element 724, so that the
light-emitting element 724 emits light. Here, in order to
make the light-emitting element 724 emit light, each poten-
tial is set so that the potential difference between the high
power supply potential and the low power supply potential
is greater than or equal to the forward threshold voltage of
the light-emitting element 724.

Note that gate capacitance of the driver transistor 722 may
be used as a substitute for the capacitor 723, so that the
capacitor 723 can be omitted. The gate capacitance of the
driver transistor 722 may be formed between the channel
formation region and the gate electrode.

In the case of a voltage-input voltage driving method, a
video signal is input to the gate electrode of the driver
transistor 722 so that the driver transistor 722 is in either of
two states of being sufficiently turned on and turned off. That
is, the driver transistor 722 operates in a linear region. In
order for the driver transistor 722 to operate in a linear
region, voltage higher than the voltage of the power supply
line 727 is applied to the gate electrode of the driver
transistor 722. Note that voltage higher than or equal to a
voltage which is the sum of the voltage of the power supply
line and Vth of the driver transistor 722 is applied to the
signal line 725.

In the case of performing analog grayscale driving instead
of digital time grayscale driving, the same pixel structure as
in FIG. 23C can be used by changing signal input.

In the case of performing analog grayscale driving, a
voltage greater than or equal to a voltage which is the sum
of the forward voltage of the light-emitting element 724 and
Vth of the driver transistor 722 is applied to the gate
electrode of the driver transistor 722. The forward voltage of
the light-emitting element 724 indicates a voltage at which
a desired luminance is obtained, and includes at least for-
ward threshold voltage. A video signal by which the driver
transistor 722 is operated in a saturation region is input, so
that current can be supplied to the light-emitting element
724. In order for the driver transistor 722 to operate in a
saturation region, the potential of the power supply line 727
is set higher than the gate potential of the driver transistor

10

15

20

25

30

35

40

45

50

55

60

65

52

722. When an analog video signal is used, it is possible to
supply current to the light-emitting element 724 in accor-
dance with the video signal and perform analog grayscale
driving.

Note that a pixel structure of the present invention is not
limited to that shown in FIG. 23C. For example, a switch, a
resistor, a capacitor, a sensor, a transistor, a logic circuit, or
the like may be added to the pixel illustrated in FIG. 23C.

The structures, methods, and the like described in this
embodiment can be used as appropriate in combination with
any of the structures, methods, and the like described in the
other embodiments and example.

Embodiment 13

A semiconductor device disclosed in this specification can
be applied to a variety of electronic devices (including game
machines). Examples of electronic devices are a television
set (also referred to as a television or a television receiver),
a monitor of a computer or the like, a camera such as a
digital camera or a digital video camera, a digital photo
frame, a mobile phone handset (also referred to as a mobile
phone or a mobile phone device), a portable game machine,
a portable information terminal, an audio reproducing
device, a large-sized game machine such as a pachinko
machine, and the like. Examples of electronic devices each
including the semiconductor device described in any of the
above embodiments are described.

FIG. 24A illustrates an example of a portable information
terminal, which includes a main body 1001, a housing 1002,
display portions 1003a and 10035, and the like. The display
portion 10035 is a touch panel. By touching a keyboard 1004
displayed on the display portion 10035, a screen can be
operated and text can be input. It is needless to say that the
display portion 1003a may be a touch panel. A liquid crystal
panel or an organic light-emitting panel manufactured by
using the transistor described in any of the above embodi-
ments as a switching element is applied to the display
portion(s), whereby a high-performance portable informa-
tion terminal can be provided. For example, a portable
information terminal with low power consumption and high
reliability can be provided.

The portable information terminal illustrated in FIG. 24A
can have a function of displaying a variety of kinds of
information (e.g., a still image, a moving image, and a text
image), a function of displaying a calendar, a date, the time,
or the like on the display portion, a function of operating or
editing the information displayed on the display portion, a
function of controlling processing by a variety of kinds of
software (programs), and the like. Furthermore, an external
connection terminal (an earphone terminal, a USB terminal,
or the like), a recording medium insertion portion, and the
like may be provided on the back surface or the side surface
of the housing.

The portable information terminal illustrated in FIG. 24A
may transmit and receive data wirelessly. Through wireless
communication, desired book data or the like can be pur-
chased and downloaded from an electronic book server.

FIG. 24B illustrates an example of a portable music
player, which includes, in a main body 1021, a display
portion 1023, a fixing portion 1022 with which the main
body is worn on the ear, a speaker, an operation button 1024,
an external memory slot 1025, and the like. A liquid crystal
panel or an organic light-emitting panel manufactured by
using the transistor described in any of the above embodi-
ments as a switching element is applied to the display
portion, whereby a high-performance portable music player
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can be provided. For example, a portable music player with
low power consumption and high reliability can be pro-
vided.

Furthermore, when the portable music player illustrated in
FIG. 24B has an antenna, a microphone function, or a
wireless communication function and is used with a mobile
phone, a user can talk on the phone wirelessly in a hands-
free way while driving a car or the like.

FIG. 24C illustrates an example of a mobile phone, which
includes two housings, a housing 1030 and a housing 1031.
The housing 1031 includes a display panel 1032, a speaker
1033, a microphone 1034, a pointing device 1036, a camera
lens 1037, an external connection terminal 1038, and the
like. In addition, the housing 1030 includes a solar cell 1040
having a function of charge of the portable information
terminal, an external memory slot 1041, and the like. Fur-
ther, an antenna is incorporated in the housing 1031. A liquid
crystal panel or an organic light-emitting panel manufac-
tured by using the transistor described in any of the above
embodiments as a switching element is applied to the
display panel, whereby a high-performance mobile phone
can be provided. For example, a mobile phone with low
power consumption and high reliability can be provided.

Further, the display panel 1032 is provided with a touch
panel. A plurality of operation keys 1035 displayed as
images is shown by dashed lines in FIG. 24C. Note that a
boosting circuit by which a voltage output from the solar cell
1040 is increased to be sufficiently high for each circuit is
also included.

The display direction of the display panel 1032 is changed
as appropriate depending on a usage pattern. Further, the
mobile phone is provided with the camera lens 1037 on the
same surface as the display panel 1032, and thus it can be
used as a video phone. The speaker 1033 and the micro-
phone 1034 can be used for videophone calls, recording and
playing sound, and the like as well as voice calls. Moreover,
the housings 1030 and 1031 in a state where they are
developed as illustrated in FIG. 24C can shift by sliding so
that one is lapped over the other; therefore, the size of the
mobile phone can be reduced, which makes the mobile
phone suitable for being carried.

The external connection terminal 1038 can be connected
to an AC adapter and various types of cables such as a USB
cable, and charging and data communication with a personal
computer are possible. Moreover, a large amount of data can
be stored by inserting a storage medium into the external
memory slot 1041 and can be moved.

Further, in addition to the above functions, an infrared
communication function, a television reception function, or
the like may be provided.

FIG. 24D illustrates an example of a television set, in
which a display portion 1053 is incorporated in a housing
1051. In the television set, an image can be displayed on the
display portion 1053. Here, the housing 1051 is supported
by a stand 1055 incorporating a CPU. A liquid crystal panel
or an organic light-emitting panel manufactured by using the
transistor described in any of the above embodiments as a
switching element is applied to the display portion, whereby
a high-performance television set can be provided. For
example, a television set with low power consumption and
high reliability can be provided.

The television set can be operated with an operation
switch of the housing 1051 or a separate remote controller.
Further, the remote controller may be provided with a
display portion for displaying data output from the remote
controller.
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Note that the television set is provided with a receiver, a
modem, and the like. With the receiver, a general television
broadcast can be received. Furthermore, when the television
set is connected to a communication network by wired or
wireless connection via the modem, one-way (from a trans-
mitter to a receiver) or two-way (between a transmitter and
a receiver, between receivers, or the like) data communica-
tion can be performed.

Further, the television set is provided with an external
connection terminal 1054, a storage medium recording and
reproducing portion 1052, and an external memory slot. The
external connection terminal 1054 can be connected to
various types of cables such as a USB cable, and data
communication with a personal computer or the like is
possible. A disk storage medium is inserted into the storage
medium recording and reproducing portion 1052, and data
stored in the storage medium can be read and data can be
written into the storage medium. In addition, an image, a
video, or the like stored as data in an external memory 1056
inserted into the external memory slot can be displayed on
the display portion 1053.

When the memory device described in any of the above
embodiments is applied to the external memory 1056 or the
CPU, the television set can have high reliability and power
consumption thereof can be sufficiently reduced.

The structures, methods, and the like described in this
embodiment can be used as appropriate in combination with
any of the structures, methods, and the like described in the
other embodiments and example.

Example 1

In this example, physical properties of an oxide semicon-
ductor film which can be applied to a semiconductor device
according to one embodiment of the present invention are
described.

First, a method for fabricating samples whose physical
properties are evaluated is described. The fabrication
method includes a step of forming an oxide semiconductor
film by a sputtering method with bias power supplied to the
substrate side and a step of performing heat treatment on the
formed oxide semiconductor film. Note that a magnetron
sputtering apparatus is used in this example; thus, the
fabrication method is described with reference to FIG. 2B as
appropriate.

An In—Ga—Zn-based oxide with an atomic ratio of
In:Ga:Zn=3:1:2 was used for the oxide semiconductor film
formed in this example. Accordingly, an In—Ga—Zn-based
oxide target with an atomic ratio of In:Ga:Zn=3:1:2 was
used as the target 207.

A substrate (a quartz substrate) was placed on the sub-
strate support 205, an oxygen gas was supplied from the gas
supply unit 204 to the treatment chamber 201, and the
pressure of the treatment chamber 201 was adjusted to be 0.4
Pa. The flow rate of the oxygen gas supplied to the treatment
chamber 201 was 30 sccm.

Then, RF power was applied to the electrode 203 with the
power source 211 to generate oxygen plasma in the treat-
ment chamber 201, and the oxide semiconductor film was
deposited on the substrate placed on the substrate support
205 with use of the target 207. Here, a 100 nm thick oxide
semiconductor film was formed with RF power supplied as
bias power to the substrate support 205 (the substrate side)
with the power source 215. In other words, the 100 nm thick
oxide semiconductor film was formed on the substrate with
self-bias voltage (Vdc) controlled. Note that the substrate
temperature was room temperature and the RF power
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applied to the electrode 203 was 200 W in the formation of
the oxide semiconductor film.

In this example, bias power of 0 W, 100 W, or 200 W was
supplied to the substrate side at the time of forming the oxide
semiconductor film by a sputtering method. The sample
fabricated with a bias power of 0 W, which is a comparative
example, is called sample A, the sample fabricated under the
bias power of 100 W is called sample B, and the sample
fabricated under the bias power of 200 W is called sample
C.

Then, the formed oxide semiconductor film was subjected
to heat treatment; thus, the samples whose physical proper-
ties were to be evaluated were fabricated. The heat treatment
was performed at 650° C. for one hour in an oxygen
atmosphere or a nitrogen atmosphere.

Note that RF power (bias power) supplied to the substrate
side and self-bias voltage applied to the substrate side satisty
the relation shown in FIG. 25. Accordingly, the sample B
fabricated under the bias power of 100 W can be said to be
a sample to which a self-bias voltage of about 290 V was
applied, and the sample C fabricated under the bias power of
200 W can be said to be a sample to which a self-bias voltage
of'about 440 V was applied. Note that the difference between
the potential of the substrate and the ground potential was
measured as the self-bias voltage.

Next, carrier densities in the samples A, B, and C having
been subjected to the heat treatment at 650° C. in an oxygen
atmosphere or a nitrogen atmosphere were measured by Hall
effect measurement. FIG. 26 shows the measurement results.
In FIG. 26, the horizontal axis represents the self-bias
voltage (Vdc) [V] applied to the substrate side and the
vertical axis represents the measured carrier density [cm™].

According to FIG. 26, carrier density in the sample A to
which no self-bias voltage was applied, which is the com-
parative example, is 4.6x10'® cm™. On the other hand,
carrier density in the sample B to which a self-bias voltage
of about 290 V was applied is 8.5x10"° cm™>. Carrier density
in the sample C to which a self-bias voltage of about 440 V
was applied is 2.9x10'* cm™.

The results of the samples B and C shown in FIG. 26
indicate that, if carrier density is decreased in a linear
manner when the condition is switched from that of the
sample B to that of the sample C, carrier density lower than
1x10" em™ can be achieved by forming an oxide semicon-
ductor film with self-bias voltage controlled to be higher
than or equal to 400 V and performing heat treatment. In
other words, it can be said that carrier density lower than
1x10" em™ can be achieved by forming an oxide semicon-
ductor film with bias power higher than or equal to 200 W
(see FIG. 25) supplied to the substrate side and performing
heat treatment.

Next, samples D, E, and F were fabricated through
processes similar to those used for the samples A, B, and C
with heat treatment temperature changed from 650° C. to
450° C. In other words, the sample D is a sample fabricated
with no self-bias voltage applied, the sample E is a sample
fabricated with a self-bias voltage of about 290 V applied,
and the sample F is a sample fabricated with a self-bias
voltage of about 440 V applied.

The spin density based on a signal due to oxygen vacan-
cies in each of the samples A to F was measured by electron
spin resonance spectroscopy. FIGS. 27A and 27B show the
measurement results. In FIGS. 27A and 27B, the horizontal
axis represents the g value and the vertical axis represents
the intensity of the signal.

FIG. 27A shows the results of the samples D, E, and F
subjected to heat treatment at 450° C., and FIG. 27B shows
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the results of the samples A, B and C subjected to heat
treatment at 650° C. According to FIG. 27A, a symmetrical
signal is observed at a g value (g) of around 1.93 in the
sample D in which no bias power (0 W) was supplied to the
substrate side. The signal is a signal due to oxygen vacancies
in the oxide semiconductor film. The spin density of the
sample D was calculated based on the signal by comparing
the integral value of a peak of an absorption curve which
was obtained by integral transformation of the signal with
that of a standard sample of which the total number of
defects was quantified in advance. The spin density was
9.3x10"° spins/cm’.

In this example, an In—Ga—Z7n-based oxide with an
atomic ratio of In:Ga:Zn=3:1:2 is used for the oxide semi-
conductor film in each of the samples A to F, which means
that the proportion of In in the oxide semiconductor film is
higher than those of Ga and Zn. Therefore, the g value (g)
at which the signal due to oxygen vacancies in the oxide
semiconductor film in each of the samples A to F is found is
smaller than 1.93.

For example, when an In—Ga—Zn-based oxide with an
atomic ratio of In:Ga:Zn=1:1:1 is used for the oxide semi-
conductor film in each of the samples A to F, the signal due
to oxygen vacancies is expected to be found at a g value (g)
of 1.93.

On the other hand, a symmetrical signal is not observed
at a g value (g) of around 1.93 in the sample E in which a
bias power of 100 W (Vdc of about 290 V) was supplied to
the substrate side and the sample F in which a bias power of
200 W (Vdc of about 440 V) was supplied to the substrate
side. It is thus confirmed that an oxide semiconductor film
can be formed while taking in oxygen by supplying bias
power to the substrate side and by forming the oxide
semiconductor film in oxygen plasma with self-bias voltage
applied to the substrate side being controlled, so that an
oxide semiconductor film in which oxygen vacancies are
reduced can be formed.

Moreover, according to FIG. 27B, a symmetrical signal is
not observed at a g value (g) of around 1.93 in the samples
A, B, and C subjected to heat treatment at 650° C. That is,
the spin density based on the signal is below the lower limit
of detection in the samples A, B, and C.

As described above, an oxide semiconductor film is
formed by a sputtering method in an oxygen atmosphere
with self-bias voltage applied to the substrate side being
controlled, and then heat treatment is performed, whereby an
oxide semiconductor film in which oxygen vacancies are
reduced can be formed. In this manner, for example, an
oxide semiconductor film whose spin density, which is
calculated from the peak of a signal detected at a g value (g)
of around 1.93 by electron spin resonance spectroscopy, is
lower than 9.3x10'® spins/cm®, preferably lower than or
equal to 5x10'¢ spins/cm>, further preferably below the
lower limit of detection and whose carrier density is lower
than 1x10°/ecm® can be formed. Consequently, a high-
performance semiconductor device can be manufactured by
using the oxide semiconductor film formed by this method.

This application is based on Japanese Patent Application
serial no. 2012-046295 filed with Japan Patent Office on
Mar. 2, 2012 and Japanese Patent Application serial no.
2012-046296 filed with Japan Patent Office on Mar. 2, 2012,
the entire contents of which are hereby incorporated by
reference.
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What is claimed is:

1. A semiconductor device comprising:

an oxide semiconductor film;

a gate insulating film in contact with the oxide semicon-

ductor film; and
a gate electrode overlapping with the oxide semiconduc-
tor film with the gate insulating film therebetween,

wherein a spin density of the oxide semiconductor film is
lower than 9.3x10"'® spins/cm?, the spin density corre-
sponding to a peak of a signal detected at a g-value of
around 1.93 by electron spin resonance spectroscopy,
and

wherein a carrier density of the oxide semiconductor film

is lower than 1x10%/cm?.

2. The semiconductor device according to claim 1, further
comprising a source electrode and a drain electrode in
contact with the oxide semiconductor film.

3. The semiconductor device according to claim 1,
wherein the gate electrode is in contact with an upper surface
of the gate insulating film.

4. The semiconductor device according to claim 1,
wherein the gate electrode is in contact with a lower surface
of the gate insulating film.

5. The semiconductor device according to claim 1,
wherein the oxide semiconductor film comprises two or
more metal elements.

6. The semiconductor device according to claim 1,
wherein the oxide semiconductor film comprises indium.

7. The semiconductor device according to claim 1,

wherein the oxide semiconductor film comprises a first

region and a pair of second regions having lower
resistance than the first region, and

wherein the first region is provided between the pair of

second regions.
8. The semiconductor device according to claim 7, further
comprising a source electrode and a drain electrode in
contact with the pair of second regions.
9. The semiconductor device according to claim 1,
wherein the oxide semiconductor film comprises a first
region, a pair of second regions having lower resistance
than the first region, and a pair of third regions having
lower resistance than the pair of second regions,

wherein the first region is provided between the pair of
second regions, and

wherein the pair of second regions are provided between

the pair of third regions.

10. The semiconductor device according to claim 9,
further comprising:

a sidewall insulating film in contact with a side surface of

the gate electrode; and

a source electrode and a drain electrode in contact with the

pair of third regions,
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wherein the sidewall insulating film overlaps with the pair

of second regions.

11. A semiconductor device comprising:

an oxide semiconductor film;

a gate insulating film in contact with the oxide semicon-

ductor film; and

a gate electrode overlapping with the oxide semiconduc-

tor film with the gate insulating film therebetween,
wherein a spin density of the oxide semiconductor film is
lower than 9.3x10"¢ spins/cm?, the spin density corre-
sponding to a peak of a signal detected at a g-value of
around 1.93 by electron spin resonance spectroscopy.

12. The semiconductor device according to claim 11,
further comprising a source electrode and a drain electrode
in contact with the oxide semiconductor film.

13. The semiconductor device according to claim 11,
wherein the gate electrode is in contact with an upper surface
of the gate insulating film.

14. The semiconductor device according to claim 11,
wherein the gate electrode is in contact with a lower surface
of the gate insulating film.

15. The semiconductor device according to claim 11,
wherein the oxide semiconductor film comprises two or
more metal elements.

16. The semiconductor device according to claim 11,
wherein the oxide semiconductor film comprises indium.

17. The semiconductor device according to claim 11,

wherein the oxide semiconductor film comprises a first

region and a pair of second regions having lower
resistance than the first region, and

wherein the first region is provided between the pair of

second regions.
18. The semiconductor device according to claim 17,
further comprising a source electrode and a drain electrode
in contact with the pair of second regions.
19. The semiconductor device according to claim 11,
wherein the oxide semiconductor film comprises a first
region, a pair of second regions having lower resistance
than the first region, and a pair of third regions having
lower resistance than the pair of second regions,

wherein the first region is provided between the pair of
second regions, and

wherein the pair of second regions are provided between

the pair of third regions.

20. The semiconductor device according to claim 9,
further comprising:

a sidewall insulating film in contact with a side surface of

the gate electrode; and

a source electrode and a drain electrode in contact with the

pair of third regions,

wherein the sidewall insulating film overlaps with the pair

of second regions.
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